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GENERAL INTRODUCTION 
At present, apparent amino acid digestibility measured at the terminal ileum is the 
preferred method for determination of amino acid availabilities in feedstuffs for pigs. 
However, apparent digestibility coefficients obtained at the terminal ileum underestimate 
the amounts of amino acids absorbed during digestion. This underestimation results 
because of the presence of endogenous amino acids in ileal content. True amino acid 
availabilities give more precise estimates of amino acid availabilities than do apparent 
digestibilities. With traditional methods used to calculate true amino acid digestibilities, 
it is assumed that the amounts of endogenous amino acids are not affected by the amount 
of protein and other factors in the diet. However, this assumption may not be valid. 
The objective of this dissertation study was to estimate true digestibilities of amino 
acids by pigs using as a label to partition ileal protein into endogenous and undigested 
fractions. 
An Explanation of the Dissertation Organization 
This dissertation contains two papers that will be submitted to the Journal of 
Animal Science. Each paper will be completed in the style appropriate for this journal. 
The papers are preceded by a literature review and followed by a general summary. The 
references in the literature review are placed after the general summary. Appendix A 
and B list methods for semipreparatively isolating phenylalanine and lysine from tissues, 
feeds and digesta. Appendix C and D include the statistical analyses of data in paper 1 
and 2, respectively. 
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The research reported was conducted by Roger Arentson under the supervision of 
Dr. Dean R. Zimmerman. Roger Arentson is the primary author of the papers. He was 
principally involved in the collection, analysis and interpretation of data, as well as the 
writing of these papers. 
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LITERATURE REVIEW 
Introduction 
There is considerable debate among nutritionists concerning what measure of 
protein and amino acid availability should be used in the formulation of swine diets. In 
the early 1960's, research in this area was focused on fecal availability assays. However, 
interest in this methodology waned with the development of ileal digestion techniques 
(Batterham, 1992). 
Apparent, true or "real" (true digestibility measured with '^N dilution 
methodology) amino acid digestibilities can be assayed at the end of the ileum or in the 
feces. Fecal digestibility assays measure disappearance over the whole digestive tract, 
whereas, ileal digestibility assays measure disappearance to the end of the small intestine. 
Digesta can be collected via ileal-rectal anastomosis, slaughter of the animal or cannulas 
inserted in the terminal ileum or the ileo-cecal junction. An excellent review of cannula 
types (Kohler, 1992) is available. 
Apparent digestibility is a measure of disappearance of amino acids in the feed 
without correction for endogenous N and amino acid secretions from the animal. True 
and "real" digestibility techniques have been developed to correct for endogenous 
secretions into the intestinal lumen. Mitchell (1924) classically defined endogenous N 
secretion as the N lost in the chyme or feces when a N-free diet is fed. This N is added 
to digesta as enzymes, mucins, amides, amines, bacteria and mucosal cells with the 
passage of feed/digesta through the digestive tract, but does not include N that is 
reabsorbed proximal to the collection site. 
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Sources of Endogenous Nitrogen 
Saliva 
Saliva is the first source of N secreted into the alimentary canal. The N content 
and flow of porcine saliva has only been studied by Archipovec (1956). The N content 
of saliva in pigs with an average age of 108 d varied from .63 to .95 mg/ml of saliva or 
9.3 to 15.4 mg/100 g of ingested feed. Pigs weighing 35 kg with feed intake of 1.9 kg 
would secrete 177 to 292 mg of N/24 h in saliva. Corring (1980) reported 500 g of 
saliva flow/24 h in pigs weighing 45 kg, but did not report the N content. Assuming the 
saliva had the same N content as reported by Archipovec (1956), pigs in Corring's 
experiment would secrete 500 mg of N per d in the saliva. 
Stomach Secretions 
Stomach secretions consist of enzymes, mucins and cells sloughed from the 
mucosa. Using '^N-labeled wheat, Zebrowska et al. (1982) measured 1.67 g of N 
secretion over a 12-h period. Similar results using [''*C] leucine were obtained by Simon 
et al. (1986) with pigs weighing 35 kg and fed a wheat-dried skim milk diet. The 
calculated amount of endogenous protein passing the duodenum was 20.4 g/d. 
The amino acid composition of gastric secretions has also been characterized. 
Gastric mucosal scrapings and mucoproteins have high concentrations of aspartic acid, 
threonine, serine, glutamic acid, proline, glycine and alanine (Snary and Allen, 1971; 
Starkey et al. 1974). 
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Pancreatic secretions 
In comparison with tine number of reports measuring saliva and gastric secretions, 
experiments measuring pancreatic N secretion are much more plentiful. Some estimates 
of pancreatic secretion (g/24 h) and references are as follows: 3.0, Corring (1980); 1.8, 
Partridge et al. (1982); 4.1, Zebrowska et al. (1983); 1.9, Corring et al. (1990); 1.8, 
Buraczewska et al. (1991); 4.2 Mosenthin and Sauer (1991). According to Corring and 
Jung (1972), approximately 60% of the N in pancreatic secretions is protein-bound with 
the remaining 40% in the form of urea. Pancreatic juice has high concentrations of 
arginine and aspartic acid, but a low concentration of methionine (Corring and Jung, 
1972) (Table 1). 
The diet composition may affect the quantity and composition of pancreatic 
secretion. Pancreatic secretion is continuous in the pig, but the consumption of a meal 
increases both volume and protein output (Corring, 1979). Partridge et al. (1982) and 
Zebrowska et al. (1983) fed isonitrogenous practical and purified diet types to pigs and 
reported similar pancreatic N flow and protease activities regardless of diet type. 
However, Buraczewska et al. (1991) found lower N flow (1.4 vs. 1.9 g/24 h) and 
enzyme activities (e.g. chymotrypsin, 3.2 vs. 4.5 U/mg protein) when pigs were fed a 
semipurified diet vs. a more practical diet. Mosenthin and Sauer (1991) determined that 
increasing dietary fiber had little effect on pancreatic flow, N content and protease 
activities in the pig. 
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Table 1. Amino acid composition (% of protein) of pancreatic juice, bile and small 
intestine juice in percent of total amino acids® 
Amino acid 
Pancreatic 
juice 
Bile Small intestine 
juice 
Alanine 5.8 — —  5.63 
Arginine 5.1 .27 6.50 
Aspartate 11.5 .43 10.01 
Cystine 3.4 .56 — 
Glutamate 10.2 1.10 14.38 
Glycine 5.9 94.86 5.51 
Histidine 2.5 .23 2.61 
Isoleucine 5.1 .21 4.36 
Leucine 8.1 .40 9.68 
Lysine 5.5 .34 8.38 
Methionine 1.2 .09 1.37 
Phenylalanine 4.7 .24 4.96 
Proline 5.4 .25 5.77 
Serine 7.8 .26 5.96 
Threonine 5.9 .25 6.14 
Tyrosine 5.5 .19 3.26 
Valine 6.5 .30 6.19 
"From Juste (1982). 
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Bile secretion 
Bile secretion in the small intestine of pigs has been studied by Laplace and 
Ouaissi (1977), Sambrook (1978), Juste et al. (1979), Just (1982) and Corring et al. 
(1990). Their results suggest bile flow is virtually independent of intake. Some 
estimates of N secretion in bile flow by pigs weighing 45 kg (g N/24 h) and references 
are as follows: 1.85, Sambrook (1978); 2.9, Juste (1982) and 1.7, Corring et al. (1990). 
Seventy-five percent of the N is alpha-amino N of which 95% is glycine (Juste, 1982) 
(Table 1). One-third of the remaining N is ammonium sulfate. The other two-thirds has 
not been identified (Juste, 1982). 
Small intestine secretions 
The secretion of nitrogenous-containing substances by the small intestine mucosa 
consists of mainly mucosa cells and enzymes, but urea is also secreted (Rerat and 
Buraczewska, 1986; Mosenthin et al., 1992 a,b). Buraczewska (1979) measured small 
intestine N secretion in the pig using isolated intestinal loops. She found endogenous 
secretions of .97 and .48 g of N-m''-24 h"' in the proximal and distal regions, 
respectively. Intestinal N secretion averaged .81 g-m '-24 h"' with an overall N 
secretion of 14.6 g/24 h. However, it is uncertain what effect surgical disruption has on 
endogenous secretion. Low (1982) calculated 9.5 g/24 h of endogenous N secreted into 
the lumen of the small intestine using protein turnover data from McNurlan et al. (1979) 
and Simon et al. (1978). This estimate is in good agreement with Buraczewska (1979). 
The turnover time of mucosal cells in the small intestine is 50 to 80 h (McDougall, 
1966). 
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Buraczewska (1979b) studied the composition of endogenous secretion with 
isolated gut loops. She found that 88% of secreted N was soluble of which 60% was 
alpha-amino N. The remainder of the soluble portion has not been identified. The 
insoluble N secretion consists of mainly enterocytes sloughed off from the brush border. 
Intestinal secretion has high concentrations of aspartic acid and glutamic acid and low 
concentrations of methionine and histidine (Horszcaruk et al., 1974) (Table 1). 
Large intestine secretions 
Low (1982) calculated an endogenous N secretion of 3 g/24 h using the same 
method as he used to calculate endogenous N secretion from the small intestine. 
Endogenous N secretion from the large intestine has not been measured directly. 
Total endogenous secretions 
Auclair (1986) summarized a vast body of literature and reported the sources and 
quantities of N secreted into the digestive tract (Table 2). 
Recirculation of endogenous nitrogen 
Souffrant et al. (1986) (Fig. 1) used N balance, fistulation of the terminal ileum, 
pancreatic and bile ducts, blood flow determination and '^N tracer techniques to 
determine recirculation of endogenous nitrogen (N) from the digestive tract. Using 
casein as the protein source, they found 29.7 g of N was absorbed when pigs were fed 
23.6 g of N/d. These experiments demonstrated that the 2.2 g of N present at the 
terminal ileum is of endogenous origin. Reabsorption of the 7.4 g of endogenous N was 
70% completed at the terminal ileum and 82% at the rectum. 
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Table 2. Total and alpha-amino nitrogen endogenous secretions from various sources in 
the pig® 
Total N Alpha-amino N 
Source g/24h % g/24 h % 
Saliva and gastric 
secretion 2.0 to 3.3 9 to 11 - _ 
Pancreatic secretion 2.5 to 6.7 11 to 23 1.5 to 4.0 15 to 30 
Bile secretion 1.8 to 3.0 8 to 10 0.5 to 0.9 5 to 7 
Small intestine 
secretion 14.4 65 to 49 7.8 59 to 77 
Sloughed cells 1.4 to 2.0 6 to 7 .3 to .4 3 to 5 
Total endogenous 
secretion 22.1 to 29.4 100 10.1 to 13.1 100 
^Adapted from Auclair (1986). 
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Figure 1. Recycling scheme for endogenous N in pigs (g/d) (Adapted from 
Souffrant et al. 1986) 
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Methodologies of Determining True Amino Acid Digestibility 
Protein-free diet 
True protein and amino acid digestibility coefficients can be calculated from 
apparent digestibility values by correcting for endogenous N losses. The classical method 
of determining endogenous protein and amino acid losses in pigs is to feed a N-free diet, 
collect digesta and analyze digesta for amino acid content. Many authors have used this 
method (e.g. Carlson and Bay ley, 1970; Holmes et al., 1974; Pasturzewska et al., 1974; 
Sauer et al., 1977; Sauer et al., 1981; Darcy et al., 1982; Poppe et al., 1983; Darcy-
Vrillion and Laplace, 1984; Kies et al., 1986; Wunsche et al., 1987; Leterme et al., 
1991; Chung and Baker, 1992; Leterme et al., 1992). 
I averaged the apparent and true amino acid digestibility coefficients from an 
excellent review (Southern, 1991) without regard to feedstuff (Table 3). The 
indispensable amino acid having the largest difference between apparent and true 
digestibility coefficients was threonine (sixteen percentage units) and the lowest were 
phenylalanine and arginine (five percentage units). On average, true digestibility 
coefficients were eight percentage units higher than apparent digestibility values. 
Wunsche et al. (1979) (Table 4) reviewed 19 literature sources and calculated 
endogenous loss of protein and amino acids when N-free diets were fed to pigs without 
regard to diet type, collection method and length of collection period. They calculated N 
losses in ileal digesta and feces of 2.2 and 1.4 g/kg of dry matter intake, respectively. 
These data would indicate 0.8 g N per kg of diet is absorbed in the large intestine. In 
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Table 3. Average digestibility coefficents of 15 feedstuffs® 
Item True Apparent Difference 
% 
Crude protein 84 74 10 
Arginine 89 84 5 
Histidine 84 77 7 
Isoleucine 85 79 6 
Leucine 87 81 6 
Lysine 81 72 9 
Methionine 88 82 6 
Cystine 86 72 14 
Phenylalanine 86 81 5 
Tyrosine 85 78 7 
Threonine 86 70 16 
Tryptophan 82 71 11 
Valine 84 77 7 
''Adapted from Southern, 1991. 
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Table 4. Average amounts of protein and amino acid recoveries in ileal digesta and 
feces of pigs® 
Ileal digesta Feces 
Item mean SD n mean SD n 
mg/100 g DM mg/100 g DM 
Crude protein 1387 551 18 851 195 15 
Alanine 51.0 12.7 18 49.2 14.7 19 
Arginine 44.1 12.2 18 26.0 6.7 18 
Aspartate 78.0 22.1 18 79.7 22.3 19 
Cystine 20.5 10.3 10 15.2 5.2 11 
Glutamate 82.9 15.9 16 85.0 18.9 18 
Glycine 118.3 56.6 18 41.0 14.3 19 
Histidine 17.9 7.5 13 12.6 3.6 14 
Isoleucine 24.3 8.0 16 37.0 10.2 19 
Leucine 49.6 17.8 18 52.5 15.7 19 
Lysine 37.8 12.8 18 45.2 11.5 18 
Methionine 10.4 4.4 17 18.8 6.4 18 
Phenylalanine 32.1 8.0 13 33.0 9.5 14 
Proline 251.0 187.9 17 31.4 10.8 16 
Serine 46.8 10.9 16 38.5 13.3 19 
Threonine 50.8 8.9 16 38.7 9.0 18 
Tryptophan 18.3 3.3 4 8.0 1.0 3 
Tyrosine 25.3 11.0 13 21.2 7.8 13 
Valine 40.0 9.9 16 44.7 13.3 19 
^Adapted from Wunsche et al., 1987. 
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contrast, Zebrowska et al. (1978) indicates that amino acids are not absorbed past the 
end of the ileum. N-containing compounds entering the large intestine are incorporated 
into bacterial residues or deaminated and absorbed as ammonia (Holmes et al., 1974; 
Mason et al., 1976; Sauer et al. 1977a,b). Synthesized bacterial protein may be 
reabsorbed (Niiyama et al., 1978a,b), but results are not clear. 
Ileal digesta and feces differ in amino acid composition (especially proline and 
glycine) (Table 4). Mucopolysaccharides and glycoproteins secreted in the bile and saliva 
have high proportions of proline, glycine, glutamic acid, aspartic acid, serine and 
threonine (Horowitz, 1967 and Low, 1982). Most of the glycine, however, is reabsorbed 
in the large intestine with the bile salts (Legrand-Defretin et al., 1986). The feces has 
higher concentrations of lysine, methionine and isoleucine than ileal digesta because of 
synthesis of these amino acids by microbes in the large intestine (Mason et al., 1976; 
Poppe and Meier, 1983). 
When true digestibility is calculated using the N-free diet technique, it is assumed 
that endogenous N secretion is not effected by the amount of protein and other factors in 
the diet (Carlson and Bay ley, 1970). However, Taverner et al. (1981) and Bergner et al. 
(1984) indicate increasing endogenous N losses with increasing fiber levels, but Leterme 
et al. (1992) did not show a similar effect. De Lange et al. (1989b) studied the 
endogenous N recovery in the feces and ileal digesta of pigs fed additional pectin, 
cellulose or fat added to a corn starch-sucrose diet. The addition of pectin increased 
endogenous N loss with proline and glycine accounting for most of the difference. They 
suggested that these amino acids were in higher concentrations because of greater bile and 
pancreas flows and(or) secretion of these amino acids. 
Dietary protein or protein status of pigs may affect endogenous protein 
composition and quantity. De Lange et al. (1989a) studied endogenous N and amino 
acids in pigs fed protein-free diets and infused intravenously with saline or a balanced 
amino acid mixture. The recovery of endogenous N was reduced by 52% (18.5 vs. 12,7 
g/kg dry matter) in pigs infused with amino acids. Also, indispensable amino acid 
recoveries tended to be lower in pigs infused with the amino acid mixture. However, 
care must be exercised when comparing dietary and intravenous protein supplies. 
Nevertheless, de Lange et al. (1989) demonstrated a relationship between protein supply 
and endogenous losses. 
Regression 
Another method of determining true amino acid digestibilities is the regression 
method. Graded levels of protein are fed to pigs and fecal or ileal digesta protein and 
amino acids losses are measured. Endogenous N and amino acid losses are calculated by 
extrapolating to zero protein intake (Taverner et al., 1981; Moughan et al., 1987 and 
Leibholz and Mollah, 1988). In a classic paper, Carlson and Bayley (1970) measured 
endogenous N loss in the feces by regression analysis and feeding a N-free diet. Pigs fed 
graded levels of casein had similar fecal N flows when compared to those fed N-free 
diets; however, pigs fed graded levels of soybean meal had less N loss when compared 
with those fed a N-free diet. Leibholz (1982) established this method and used the 
slaughter technique to collect digesta from young pigs. She calculated similar 
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endogenous losses using the regression and N-free diet methods (3.4 vs. 3.0 g N/kg dry 
matter). In a further study (Leibholz and Mollah, 1988), pigs were either fed a protein-
free diet or a diet with milk or casein as protein sources. The flow of N to the terminal 
ileum measured 1.12 g/kg dry matter using a N-free diet and 0.94 and 0.89 g/kg dry 
matter using the regression method feeding graded levels of cottonseed meal or milk, 
respectively. Ileal N and amino acid losses were not different among calculation 
methods. In general, endogenous N loss was less than in a previous study (Leibholz, 
1982). They attributed this to differences in pig weight, feed intake and collection 
technique. 
In general, the regression method for calculating endogenous protein losses and 
true amino acid digestibilities should give better results than N-free feeding because it 
allows for assessment of protein quality and antinutritional factors. However, any change 
in protein level is accompanied by change in diet composition and has confounding 
effects on protein and amino acid losses (Souffrant, 1991). 
Homoarginine 
Hagemeister and Erbersdobler (1985) introduced the "homoarginine method" to 
distinguish between endogenous protein and undigested feed protein. Feed protein is 
guaninated and the protein-bound lysine is converted to homoarginine with the addition of 
an 0-methylisourea group. After absorption by an animal, homoarginine is converted 
back to lysine and urea by an arginase in the liver. Unlike amino acids or proteins 
labeled with isotopes, homoarginine does not recirculate into the intestinal lumen 
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(Schmitz et al., 1991) and does not occur naturally in proteins because it is not a 
substrate for protein synthesis (Sulser and Sager, 1976). 
Hagemeister and Erbersdobler (1985,1987) studied the apparent digestibility of 
protein and homoarginine in guandinated casein by miniature pigs. Homoarginine 
digestibility was higher (98.5 vs. 82.5) than apparent casein protein digestibility. They 
concluded that 90% of the ileal N is of endogenous origin when a starch-based diet 
containing casein is fed. Schmitz et al. (1991) systematically evaluated homoarginine as 
a tracer of dietary protein. They demonstrated a quick postprandial appearance of 
homoarginine in the plasma, high absorption of homoarginine (>97%) and only trace 
amounts of the marker returning to the intestinal lumen. They also noted that the 
homoarginine method may overestimate true ileal digestibility in heat-damaged protein 
because of uneven guanidination. Rutherford and Moughan (1990) studied the effects of 
pH and protein concentration on the extent of guanidination of casein, gelatin and 
soybean isolate. Lysine was not completely converted to homoarginine in any of the 
protein types, however, gelatin had the highest conversion (95%) and was considered to 
be the most adequate for the assessment endogenous lysine flow. In a further study, 
Moughan and Rutherford (1990) concluded complete guanidination was not necessary to 
determine endogenous lysine loss in rats. Moughan and Rutherford (1991) studied 
endogenous lysine loss and true digestibility in rats fed diets containing guanidinated 
gelatin and soybean proteins. They concluded lysine loss and true lysine digestibility 
were similar with either protein type. 
Further studies are needed to validate the homoarginine method. The effect of 
alkaline treatment during guanidination on protein digestibility needs to be studied and the 
assumption that homoarginine and lysine have the same absorption rates needs to be 
validated. Furthermore, the method does not allow for the direct calculation of 
digestibility coefficients of individual amino acids other than lysine. Assumptions 
concerning endogenous amino acid losses would have to be made to determine 
digestibility coefficients for the remaining amino acids. 
Precipitation and ultrafiltration 
Darragh et al. (1990) and Moughan et al. (1990) recently introduced a new 
method for routinely determining endogenous ileal amino acid losses under peptide 
alimentation. Rats were fed a purified diet containing partially-hydrolyzed casein as a 
protein source. The casein hydrolyzate consisted of small ( < 5000 daltons molecular 
weight) peptides which are assumed to maintain normal physiological protein status for 
the synthesis of endogenous protein. Ileal digesta protein (> 10,000 daltons molecular 
weight) is separated by precipitation and ultrafiltration. Moughan and Schuttert (1991) 
characterized the N-containing fraction forms in ileal digesta flow in pigs fed protein-free 
diets and determined 86% of N lost was in compounds with molecular weight of greater 
than 10,000 daltons. Therefore, this fraction containing the larger peptides was 
considered to be of endogenous origin. Butts et al. (1991) further refined the method 
with various precipitating and ultrafiltration techniques. The endogenous amino acid 
flows in rats fed enzymically hydrolyzed casein were higher in the total digesta than when 
the protein fraction of the digesta is separated by centrifugation and ultrafiltration. Rats 
fed protein-free diets had significantly lower amino acid flows than rats fed diets 
containing enzymically hydrolyzed casein. 
Like the protein-free diet method, the precipitation and ultrafiltration method does 
not allow for assessment of protein quality, antinutritional factors and direct calculations 
of true amino acid digestibilities. Further studies must be done to adapt this method to 
pigs and larger animals. 
Nitrogen 15 
There is a vast body of literature on the use of tracers, usually the stable isotope 
to distinguish between endogenous and undigested feed protein. '^N protein in the 
diet may be labeled or the animal's N pool may be labeled intravenously or via the feed. 
Labeled feed protein has been used to partition endogenous and exogenous protein in the 
pig (Gebhardt et al., 1978; Kohler et al., 1978; Souffrant et al., 1981) and rat 
(Krawielitzki and Bock, 1976; Krawielitzki et al., 1977; Partridge et al., 1985). 
Because '^N labelled feedstuffs are hard to obtain, ammonium salt and amino acids have 
been used to label the animal's N pool. Several different N-containing substances have 
been fed to animals to label their tissues and are as follows: ['^N] ammonium acetate, 
Bergner et al. (1978a), Hernandez et al. (1981) and Bergner and Bergner (1982); ['^N] 
ammonium acetate and ['^N] ammonium chloride, Bergner et al. (1984); ['^N] leucine or 
['^N] lysine, Herrmann et al. (1986); ['^N] ammonium sulfate, Krawielitzki et al. (1990). 
Intravenous infusion of amino acids have been used by several researchers 
(Souffrant et al., 1981; de Lange et al. 1990 and de Lange et al., 1992) to label the N 
pool of pigs. Souffrant et al. (1981) continuously infused ['^N] leucine and ['^N] glycine 
for 8 to 9 d. De Lange et al. (1990) and de Lange et al. (1992) infused 40 mg-kg"'tl"' 
of ['^N] leucine for 9 d to achieve steady state enrichment in the trichloroacetic acid 
(TCA) soluble fraction of the plasma. De Lange et al. (1992) suggested that infusion of 
a '^N-labeled mixture of amino acids would be best to uniformly label endogenous N 
sources. 
Regardless of method of labeling, the following assumptions are made: 1) 
labelled and unlabelled amino acids behave the same 2) labelled tracer does not recycle. 
Recycling would tend to underestimate calculated endogenous secretion. 
A steady state is achieved when the concentration of marker in the feces, urine or 
blood does not increase with a continuous infusion of tracer (Krawielitzki and Bock, 
1976). Urine, blood and intestinal mucosa can be considered as possible sampling pools 
for the determination of endogenous protein label. However, Herrmann et ai. (1986) 
indicates that '^N in urine is an unreliable indicator of endogenous secretion. The TCA 
soluble fraction of the plasma is considered to be the precursor pool for synthesis of 
endogenous protein secreted into the gastro-intestinal lumen (Souffrant et al., 1981, 
1986). Alpers (1972) demonstrated that amino acids absorbed from the lumen can be 
used directly for protein synthesis without entering systemic blood circulation. As a 
result, the '^N-labelled amino acid concentrations measured in the TCA soluble fraction 
of the plasma underestimate those used for endogenous protein synthesis. Therefore, the 
flow of endogenous protein to the ileum would be underestimated. Nevertheless, the 
TCA-soluble fraction of blood plasma has been used as a label of endogenous N secretion 
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Table 5. Real protein and indispensable amino acid digestibilities of feedstuffs by pigs® 
Item Soybean meal Canola meal Wheat Barley 
% 
Crude protein 97.5 84.1 99.0 94.2 
Amino acids 
Arginine 98.2 90.2 97.1 93.3 
Histidine 94.6 86.7 94.7 90.7 
Isoleucine 95.4 82.9 99.5 95.0 
Leucine 94.5 84.5 98.8 94.3 
Lysine 96.6 84.0 101.7 97.7 
Methionine 99.5 91.8 102.2 97.5 
Phenylalanine 92.1 83.9 100.3 92.5 
Threonine 101.0 87.2 118.2 113.3 
Tryptophan 93.1 76.9 94.4 81.5 
Valine 96.8 84.1 103.0 100.1 
"Adapted from de Lange et al. (1990). 
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by Herrmann et al. 1986; Souffrant 1981, 1986 and de Lange et al., 1990, 1992. Crude 
mucus has also been used (Lien et al., 1993) 
"Real" amino acid digestibilities (Table 5) can be indirectly calculated from real 
protein digestibilities if assumptions concerning the composition of endogenous protein 
are made (de Lange et al., 1990). They assumed the same endogenous protein 
composition as assayed by de Lange et al. (1989a,b). "Real" and true protein 
digestibilities were 18.9 and 8.7 percentage units higher than apparent digestibilities 
(Table 6). 
De lange et al. (1992) used ['^N] leucine and ['^N] isoleucine dilution techniques 
as an alternative to the '^N dilution technique. They indicated that '^N enrichments are 
not the same for all amino acids with pigs continuously infused with ['^N] leucine and 
represents a considerable source of error in the '^N-isotope dilution technique. They 
reported (Table 7) considerable differences in real digestibilities and attributed them to 
collecting only one blood sample for isolation of the TCA-soluble fraction during the 
collection period. 
Several research groups have used the isotope dilution technique via a continuous 
infusion of ['^N] leucine to measure endogenous secretions in pigs fed a variety of protein 
compounds (Souffrant et al., 1981b; de Lange et al, 1990; Huisman, 1990; Heinz et al., 
1991) (Table 8). The amounts of endogenous N loss are not directly comparable between 
samples because of differences in protein intake, dry matter intake and pig weight. 
However, many groups have found a relationship between endogenous N secretion and 
dry matter intake using regression analysis. Also, protein quality and quantity seem to 
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Table 6. Apparent, true and real ileal protein digestibilites of feedstuffs by pigs® 
Feedstuff Apparent True "Real" ('^N) 
% 
Soybean meal 83.8 90.7 97.5 
Canola meal 66.0 73.5 84.1 
Wheat 80.0 88.8 99.0 
Barley 69.5 80.8 94.2 
"Adapted from de Lange et al (1990). 
24 
Table 7. Real leucine digestibility of feedstuffs determined with different isotope dilution 
techniques® 
Item Soybean meal Canola meal Wheat Barley 
% 
94.5 84.1 98.8 94.3 
•^N-leucine 88.7 76.7 88.9 81.8 
'^N-isoleucine 93.7 82.3 96.0 91.0 
®Adapted from de Lange et al. (1992). 
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Table 8. Endogenous N loss in ileal digesta by pigs fed various feedstuffs 
g/lOOg g/kg dry 
Protein source g/d protein intake matter intake 
Soybean meal® 5.8 2.2 4.1 
Canola meal'' 7.3 2.9 4.9 
Wheat® 5.8 3.1 4.4 
Barley® 5.6 4.0 4.4 
Peas - Finale'' 1.6 2.7 4.9 
Peas - Frijaune'' 1.8 3.0 5.4 
Phaseolus beans'* 5.1 10.8 16.1 
Casein® 2.4 2.0 4.1 
Bean protein isolate*^ 5.6 3.4 5.3 
Soybean protein isolate** 2.0 3.3 5.7 
Soybean meal** 1.4 2.2 4.2 
Field bean - Blandine^* 1.6 2.5 4.8 
Field bean - Alfred^* 1.8 2.7 5.2 
Fish meal** 1.6 2.6 4.6 
Dried skim milk'' 0.7 1.3 2.2 
®Adapted from de Lange et al. (1990). 
^Adapted from Huisman (1990). 
Adapted from Souffrant et al. (1981b). 
''Adapted from Souffrant (1991). 
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affect endogenous secretions (Souffrant, 1991). The protein that resulted in pigs having 
the least endogenous N loss was dried skim milk (1.3 g/100 g protein intake) and the 
highest was phaseolus beans (10.8 g/100 g protein intake). Certainly, these protein 
sources are different in quality and concentration of antinutritional factors and this may 
affect endogenous secretion. Two varieties of peas that had different trypsin inhibitor 
content and two varieties of beans with different tannin contents were tested. These data 
suggest that tannins and trypsin inhibitor have little effect on endogenous protein 
secretion. 
The '^N dilution technique was reviewed by Souffrant et al. (1982). Systematic 
problems discussed were; 1) method of labelling animal's N pool, 2) selecting the 
proper N-containing compound to be labelled, 3) method of labelling animal, 4) 
selecting of substance to be assayed which is representative of endogenous N secretion, 
5) the cost of substances labelled with '^N limits the practical application of the '^N 
dilution technique. 
Carbon 13 
Atmospheric carbon dioxide contains approximately 1.1% of the nonradioactive 
isotope '^C and 98.9% of '"C. 
Measurement of carbon isotopes The '^C abundance of carbon dioxide is usually 
determined with a mass spectrometer designed for precise measurement of R which is 
defined by: 
R= '^COj/'^Oo 
or R= mass 45/mass 44 of COi 
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Organic materials must be converted to CO2 before analysis. This conversion is usually 
done by combustion or enzymatically in the case of specific compounds. Absolute values 
are difficult to obtain for natural substances so '^C is directly compared to a standard 
(O'Leary, 1981). In plant physiology and geochemistry, R values are usually converted 
to values of delta '^C which is defined by: 
delta '^C %o =((R(sample)/R(standard)-l)) x 1000 
The standard is carbon dioxide obtained from Pee Dee Belemnite (PDB) which is a 
specific source of carbonate obtained from the Pee Dee formation in South Carolina 
(Craig, 1957). Delta '^C values are expressed as parts per mil (%o) or parts per 
thousand. Generally, plant materials have less '^C or more negative delta '^C 
concentrations than the atmosphere. The precision of modern isotope ratio mass 
spectrometers is at least ± 0.02 %o; however, error in sample preparation may decrease 
reproducibility to ± 0.2 %o (O'Leary, 1981). 
Plants Early observations concerning the composition of plant tissues were made 
by Craig (1953, 1954). Craig (1954) observed that plants had a relatively constant delta 
'^C of -27 %o. However, he reported one grass with a delta '^C of -12 %o. In a later 
report, he speculated on a possible mechanism concerning the discrepancy between 
atmospheric and plant tissue '^C abundances. Park and Epstein (1960) demonstrated that 
the primary cause of '^COi discrimination is the enzyme ribulose biphosphate carboxylase 
which is an important carboxylyzing enzyme in the Calvin cycle. The plants studied by 
Craig (1953, 1954) and Park and Epstein (1960, 1961) were generally C3 plants. In the 
1960's, the C4 pathway was discovered (Hatch and Slack, 1970). In C4 plants. 
phosphoenolpyruvate is carboxylated to oxalacetate in the mesophyll cell and transported 
into the bundle-sheath cell where CO, is cleaved and incorporated into the Calvin cycle. 
Generally, the difference in '^C abundance is characteristic of plant type and is 
one of the major ways of distinguishing C4 and C3 plants. An excellent review (O'Leary, 
1981) on the factors affecting isotope fractionation in plants is available. Many plants 
have been studied and classified (e. g. Bender, 1968; Smith and Epstein, 1971). 
Troughton et al. (1974) reported delta '^C values of -13.5 %o ± 1.5 %o for C4 plants and 
-28.1 %o + 2.5 %o for C3 plants. 
Applications The difference in isotope abundance in plant types can be used as a 
tool for the study carbon interrelations in ecology and animals. 
Ecology Soil organic matter dynamics have been studied using carbon 13 
abundance differences (Dzurec et al., 1985; Balesdent et al., 1987; Skjemstad et al., 
1990). Adulteration of maple syrup (Carro et al., 1980) and grape wine (Guillou et al., 
1991) can be detected using differences in '^C abundance. 
Animals Animals do not have a large isotopic fractionation associated with the 
incorporation of carbon into their tissues (Minson et al. 1975). On average, the 
difference in delta '^C of several species of animals and their diets was -1-0.8 %o ± 1.1 
%o (De Niro and Epstein, 1978). The '^C isotopic abundance of the lipid fraction of 
animals, plants and microorganisms is less than the total organic matter, carbohydrate and 
protein fractions. Analysis of these in biochemical fractions of animals would provide a 
less accurate assessment of diet '^C abundance because of interconversion among 
fractions during incorporation into animal tissues. Compounds such as vitamins or the 
essential amino acids should be the exception to the rule since the abundance of these 
compounds in an animal and the diet it is fed should be identical (Minson et al., 1975). 
Isotope fractionation that occurs in plants has been well characterized and the 
differences in abundance have been used to study biochemical processes in animals. 
The transfer of carbon from the diet and body tissue to milk has been studied in the dairy 
cow (Tyrrell et al., 1984; Bouttan et al., 1988; Wilson et al., 1988) and the sow 
(Mitchell and Hare, 1988). Bruckental et al. (1985) measured apparent digestibilities of 
hay and com fed to sheep using '^C abundance. They fed a combination of these diets 
and directly determined digestibilties of each feedstuff by using '^C abundance. The 
proportion of C3 and C4 plants in grazing animal diets can be determined by measuring 
the abundance in the feces (Jones et al., 1979) and esophagus (Ludlow et al., 1976). 
However, endogenous secretion from the animal could confound the results using this 
technique. Natural carbon 13 abundances have been used to trace macronutrients in the 
diet of cows (Schroeder and Ben-Ghedalia, 1986) and chicks (Schroeder and Plavnik, 
1984). Finally, Minson et al. (1975) suggested true amino acid digestibilities of 
feedstuffs by animals may be determined by using natural isotope abundances. 
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PAPER 1. 
TRUE DIGESTIBILITIES OF AMINO ACIDS AND PROTEIN IN PIGS USING '^C 
AS A LABEL TO DETERMINE ENDOGENOUS AMINO ACID EXCRETION 
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ABSTRACT 
The objective of this study was to determine whether differential labelling of '^C 
occurs in pigs fed diets with different abundances, and if so, to use '^C as a label to 
determine true amino acid digestibility (TAAD). Forty-eight pigs averaging 10.5 kg BW 
were fed dietary treatments consisting of a corn-corn gluten meal-crystalline amino acid 
diet (C-CGM) and a wheat-soybean meal diet (W-SBM). The '^C abundance of the 
protein fraction (PF) of the C-CGM and W-SBM diets averaged delta '^C -14.19 and 
-26.36 %o, respectively. Three pigs/treatment group were killed when treatment groups 
averaged 10.5 (initial), 22.9 and 46.6 kg and PF of organs were analyzed for '^C 
abundance. Carbon 13 in empty body PF increased (-18.14, -13.98 and -12.66 %o) with 
increasing body weight in pigs fed the C-CGM diet and decreased (-18.06, -22.78 and -
24.76 %o) in pigs fed the W-SBM diet. Liver, small intestine and longissimus muscle 
tissues showed similar trends. Each tissue was labeled according to treatment (P< .0002) 
and had treatment x weight group (P< .0002) labeling. Ten pigs averaging 55.0 kg from 
each treatment group were assigned to metabolism cages, implanted with T-cannulae in 
the ileum and fed at 0700 and 1900 h. After a 16-d recovery period, pigs were switched 
to the opposite diet containing Cr^O] at 1900 h on d 0. Digesta were collected from 
1000 to 1400 h and 2200 to 200 h on d 1,2 and 9, and feces were collected on d 7 and 
8. Additionally, two pigs from each treatment group were fed similarly and killed at 
1200 and 2400 h on d 1 and 2 and PF of organs were analyzed for '^C abundance. 
Using '^C abundance of small intestine PF as a index of endogenous protein label, ileal 
protein was partitioned into endogenous and undigested protein. TA AD and apparent 
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amino acid digestibilities (AAAD) for W-SBM were: Lys 79.9, 73.7; Thr 79.2, 70.6; He 
86.1, 81.6 and Phe 86.6, 82.4, respectively. TAAD and AAAD for the C-CGM were: 
Lys 85.0, 81.5; Thr 74.6, 66.7; He 90.8, 88.2 and Phe 89.4, 86.5, respectively. In 
summary, pig tissue protein was labelled with according to diet and '^C can be used 
to determine true amino acid digestibility. 
Key Words: Pigs, True Amino Acid Digestibility, Carbon 13. 
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INTRODUCTION 
At present, apparent amino acid digestibility measured at the terminal ileum is the 
preferred method for estimation of amino acid availabilities in feedstuffs by pigs 
(Tanksley and Knabe, 1984). However, apparent digestibility values underestimate the 
amounts of amino acids absorbed during digestion because of the presence of endogenous 
amino acids in ileal content. 
With traditional methods used to calculate true amino acid digestibilities, it is 
assumed that the amounts of endogenous amino acids are not affected by the amount of 
protein and other factors in the diet (Carlson and Bay ley, 1970). However, studies have 
indicated that this assumption is not valid (de Lange et al., 1989; Souffrant et al., 1981). 
A newly introduced '^N-isotope dilution technique has been used to determine the 
recovery of endogenous nitrogen (N) in the pig (de Lange et al., 1990; Souffrant et al., 
1986). This method is complex, expensive and digestibility of individual amino acids 
must be calculated from true digestibility of protein or one amino acid (Lien et al., 
1993). 
To date, '^C has not been used as a label to determine true amino acid 
digestibility. Atmospheric carbon dioxide contains about 1.1% of the heavier isotope '^C 
and 98.9% of the lighter '-C. Plants discriminate against '^C during photosynthesis in 
ways that reflect plant metabolism (O'Leary, 1981). Plants that fix carbon dioxide via 
the dicarboxylic acid pathway (C4 pathway) have less isotopic discrimination than plants 
with the Calvin cycle (Cj pathway; Minson et al., 1975). 
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In plant physiology, '^C abundances are commonly expressed as a delta '^C value 
in parts per thousand or parts per mil (%o). Absolute values are hard to obtain, and for 
most purposes it is adequate to give delta values relative to carbon from a standard 
such as Pee Dee Belemnite. The delta '^C for C4 plants is -13.5 ± 1.5 %o and for C3 
plants it is -28.1 ± 2.5 %o (O'Leary, 1981). Corn, sorghum grain and sugar cane are 
C4 plants and wheat, barley and soybeans are C3 plants. 
Animals do not discriminate against '^C when incorporating amino acids into 
tissue protein (Minson et al., 1975). Hence, diets with different '^C abundance were 
used: 1) to determine wether '^C labelling occurs in pigs fed diets with different '^C 
abundance 2) to determine rates of labelling in different tissues 3) to determine apparent 
protein and amino acid digestibilities of a corn-corn gluten meal-crystalline amino acid 
diet (C-CGM) and a wheat-soybean meal diet (W-SBM) using ileal and fecal collections 
and 4) to determine true protein and amino acid digestibilities of C-CGM and W-SBM 
diets. 
36 
MATERIALS AND METHODS 
Growing phase 
Forty-eight crossbred pigs were weaned at 4 wk of age and fed a common starter 
diet until they averaged 10.5 kg. Pigs were then randomly assigned to six pens with 
eight pigs/pen. Two diet treatments were then randomly assigned to pens in a completely 
randomized design. The two diet treatments consisted of a series of three W-SBM diets 
and a series of three C-CGM diets (Table 1 and Table 2). The three diets within a diet 
treatment group were fed when pigs averaged 10 to 20, 20 to 50 and 50 to 110 kg, 
respectively. The W-SBM diets contained feedstuffs from C3 plants and the C-CGM 
diets contained feedstuffs from C4 plants. Wheat and corn were ground through a 
hammermill with 9.5 and 4.8 mm screens, respectively. CGM and SBM were not 
processed before mixing. Because of poor growth rate of pigs fed the C-CGM diet 
during the first week, the C-CGM diet was reformulated to include .20% supplemental 
crystalline L-isoleucine to correct a possible branch-chain amino acid antagonism caused 
by the high leucine content of corn proteins. 
Pigs were housed in 1.2 x 2.4 m raised decks with wire-mesh flooring. Water 
and feed were available ad libitum. Pig weights and feed intake were measured weekly. 
One pig in each pen was killed by electrocution when its respective treatment group 
averaged 10.5 (initial), 22.9 and 46.55 kg. M. longissimus muscle sample, liver and 
small intestine were separated from the empty body and the small intestine was carefully 
rinsed with water. All tissues including the empty body were then frozen at -20 °C for 
later chemical analysis. The growing phase was terminated after 8 wk. 
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Table 1. Percentage composition of diets 
C-CGM W-SBM 
10 to 20 to 50 to 10 to 20 to 50 to 
Ingredient 20 kg 50 kg 110 kg 20 kg 50 kg 110 kg 
Com 77.71 84.48 88.77 
Com gluten meal 17.67 12.14 8.50 
Wheat 71.19 79.56 86.08 
Soybean meal 25.82 18.32 12.00 
Dicalcium phosphate 1.55 1.12 .59 .90 .53 .54 
Calcium carbonate .92 .86 .91 1.08 1.08 .87 
L-lysine*HCl .87 .64 .45 
L-tryptophan .05 .05 .07 
L-isoleucine .20 .20 .20 
Vitamin premix' .20 .20 .20 .20 .20 .20 
Trace mineral premix'' .05 .05 .05 .05 .05 .05 
Salt .25 .25 .25 .25 .25 .25 
Antibiotic premix*^ .50 .50 
Choline chloride .02 
Ethoxyquin .01 .01 .01 .01 .01 .01 
"Supplied per kg of diet: 4,409 lU vit A; 1,102 lU vit D?; 6.6 mg riboflavin; 
17.6 mg pantothenic acid; 33.1 mg niacin; 22.0 /xg vit 6,2. 
''Supplied per kg of diet: Zn, 75.0 mg; Fe 87.5 mg; Mn 30.0 mg; Cu, 8.8 mg; I, 
1.0 mg. 
"Supplied per kg of diet: 110 mg chlortetracycline; 110 mg sulfathiazole; 50 mg 
penicillin. 
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Table 2. Analysis of experimental diets® 
C-CGM W-SBM 
10 to 20 to 50 to 10 to 20 to 50 to 
20 kg 50 kg 110 kg 20 kg 50 kg 110 kg 
Analyzed; 
Protein, % 19.27 15.98 13.79 20.25 18.07 16.09 
Lysine, % 1.05 .77 .57 1.05 .82 .57 
Leucine, % 2.54 2.06 1.69 1.38 1.23 1.10 
Isoleucine, % .78 .74 .62 .79 .69 .65 
Valine, % .79 .68 .53 .92 .80 .77 
Protein fraction. 
delta '^C, %o -14.19 -14.11 -14.28 -26.09 -26.45 -26.53 
Calculated; 
Tryptophan, % .16 .15 .15 .29 .26 .23 
Calcium, % .70 .60 .50 .70 .60 .51 
Phosphorus, % .60 .50 .40 .60 .50 .50 
"Diet treatments: C-CGM = corn-corn gluten meal, W-SBM = wheat-soybean 
meal. 
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Surgery phase 
Ten pigs averaging 55 kg from each treatment group were transferred to 
metabolism cages and fed the same diet treatment as they were fed during the growing 
phase. Pigs were fed at 100% of the NRC (1988) expected feed intake. Pigs were fed 
two equal meals at 0700 and 1900 h during the 7-d before surgery. Feed was fed as a 
wet mash. Additional water was provided after pigs finished eating a meal. 
Six pigs/treatment group were then implanted with ileal cannulae. The 
cannulation procedure was approved by the Iowa State University Committee on Animal 
Care. Cannulae were a modified version of those used by Gargallo and Zimmerman 
(1980). The cannulae were modified as follows: 1) the stem length was increased from 
35 to 45 mm 2) the thread adaptor was replaced with a locking collar (a 4 mm piece cut 
from a 12.7 mm chloropolyvinylchloride (CPVC) coupling) 3) The screw-on cap was 
replaced with a CPVC cap and was held in place with a cotter key. 
Pigs were withheld from feed 24 h before surgery. They were anesthetized with 
an i.m. injection of .05 mg/kg of Atropine Injectable L. A. (Fort Dodge Lab., Inc. Fort 
Dodge, lA). After 10 min, they received an i.m. injection of 10 mg/kg of Ketaset® (Fort 
Dodge Lab). Anesthesia was maintained with Halothane USP (Halocarbon Lab, North 
Augusta, SC) and oxygen delivered by nose cone. 
After surgery, pigs were withheld from feed overnight. Pigs were fed 100 g of 
their respective diets at 0700 and 1900 the d after surgery. Feed offered was increased 
500 g/d until pigs ate 95% of expected feed intake as predicted by NRC (1988). Rectal 
temperatures of pigs were monitored twice daily for 5 d after surgery. Pigs were allowed 
a 17-d recovery period before digesta collection. 
Collection phase 
All pigs, including those not implanted with cannulae, were fed at 95 % of the 
NRC (1988) expected feed intake. Pigs were fed two equal meals at 0700 and 1900 h 
throughout the collection period. Feed was fed as a wet mash. Additional water was 
provided after pigs finished eating each meal. One pig from each diet treatment group 
was removed from the experiment because of cannula failure. 
On d 0 (18 d after surgery), all pigs were fed their 0700-h meal in which 1% 
ferric oxide replaced corn in the C-CGM diet and wheat in the W-SBM diet. Ferric 
oxide was used to verify the disappearance of this meal from the ileum. 
At 1900 h on d 0, all pigs were switched to the opposite diet type with .25% 
chromic oxide substituted for corn in the C-CGM diet and wheat in the W-SBM diet. 
Chromic oxide was used as an indigestible marker. Digesta from the ileal cannula were 
collected on d 1,2 and 9 between 1000 and 1400 h and 2200 and 200 h. Digesta was 
collected in a plastic bag attached to the cannula. Bags were emptied every 15 min into a 
container resting in an ice bath. One pig from each treatment group that had not been 
implanted with an ileal cannula was killed by electrocution on d 1 at 1200 and 2400 h and 
another on d 2 at 1200 and 2400 h. Organs and empty bodies were prepared as in the 
growing phase. Feces were collected on d 7 and 8 at 0700, 1300, 1900 and 0100 h. 
Feces were immediately frozen at -20 °C and then pooled and homogenized for later 
chemical analysis. 
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Analytical 
Digesta and feces were prepared for analysis by the procedure of De Goey and 
Ewan (1979b). Liver and small intestine were ground through a meat grinder, 
homogenized, subsampled, freeze-dried and then ground through a 2 mm screen. The 
remainder of the wet small intestine and liver tissues were included in the empty body 
samples. The frozen empty bodies were then ground and lyophilized for chemical 
analysis as described by De Goey and Ewan (1975b). 
Ileal and fecal dry matter and N were analyzed according to AOAC (1980). 
Chromium content of feed, feces and digesta was assayed according to Williams et al. 
(1962). 
For amino acid analyses of feed, feces and digesta samples was hydrolyzed for 20 
h under Nt at 105 °C. Amino acids were separated with an ion-exchange column (3 x 
250 mm lithium gradient, Pickering Laboratories, Mountain View, CA) and detected by 
fluorometry after post-column reaction with o-phthalaldehyde (Pickering Laboratories, 
Mountain View, CA) and analyzed by HPLC (Shimazdu LC-6A, Columbia, MD). 
Tryptophan and cystine were not analyzed. Methionine is reported as an estimate. 
To isolate PF, 1 g of feed or digesta or .5 g dried tissue were hydrolyzed under 
Nt for 20 h in 15 ml of 6 N HCl. Hydrolyzate was filtered through glass fiber to 
eliminate the particulate matter. Filtered hydrolyzate was diluted to 50 ml with water. 
Amino acids were isolated from 10 ml of the diluted hydrolyzate using cation exchange 
chromatography according to Nissen et al. (1982). The fraction containing amino acids 
was dried under a stream of Ni at 60 °C. 
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Phenylalanine (Phe) was isolated from small intestine tissue, digesta and feed 
using a modified procedure of Link (1991) (Appendix A). One fraction from each 
sample type was confirmed to be pure using proton nuclear magnetic resonance. 
Carbon 13 abundance of Phe and PF was analyzed by Metabolic Solutions, Inc. 
(Acton, MA) with dumas combustion and isotope ratio mass spectrometry. 
Calculations 
Amino acid and protein digestibilities were calculated according to the following 
equation: 
Percent apparent digestibility = N/Cj - N^/Cg ^ J Q Q  
iVQ 
Cj = percent Cr^O^ in feed 
Cg = percent Cr^Og in sample 
Nj = percent nutrient in feed 
Ng = percent nutrient in sample 
Ileal true protein and Phe digestibilities were calculated by correcting for 
endogenous protein and Phe. The following equation was used: 
Percent true digestibility = N^/Cj - correction factor 
X 100 
N/Cd 
Correction factor = N,/C, - (N/C, x (('^C, - '^Cd)/('3Cp - '^CJ)) 
Cj = percent chromic oxide in feed 
Cg = percent chromic oxide in sample 
Nj = percent nutrient in feed 
Ng = percent nutrient in sample 
'^Cg = delta '^C in sample PF or Phe fraction 
'^Cj = delta '^C in feed PF or Phe fraction 
'^Cp = delta '^C in pig PF or Phe fraction 
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Statistics 
The data were analyzed as a split-plot design. C-CGM and W-SBM diets were 
main plot treatments, and the periods were subplot treatments. Test of significance for 
the subplot elements were made by using conservative degrees of freedom as described 
by Geisser and Greenhouse (1958). Because endogenous N loss and true and apparent 
digestibilities by pigs were not different (P> .1) across periods, only the main dietary 
treatment effects are presented. 
True amino acid digestibility and endogenous N data were further analyzed with 
three sources of endogenous '^C label ('^C PF of small intestine, '^C PF of liver and '^C 
Phe of small intestine) included in the statistical model. The model included dietary 
treatment, period and '^C source. Pen within dietary treatment, period x pen within 
dietary treatment and ('^C source x method x pen within dietary treatment) + ('^C source 
X period x pen within dietary treatment) were used to test dietary treatment, period and 
source effects, respectively. Carbon 13 sources were compared using orthogonal 
contrasts. 
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RESULTS AND DISCUSSION 
Pigs fed the W-SBM diet had faster ADG (P< .006) and more ADFI (P< .0008) 
than those fed the C-CGM diet over the 8-wk growing phase (Table 3). However, 
gain/feed of pigs was not different between dietary treatment groups (P> .1). Additional 
isoleucine was included in the C-CGM after 1 wk of the experiment because the 
calculated amino acid content of the C-CGM diet suggested that isoleucine may have been 
limiting because the diet had a high leucine content. More recently, however, Arentson 
and Zimmerman (1993) found that valine was the first amino acid antagonized by leucine 
in a corn-gluten meal diet. Nevertheless, the addition of isoleucine to the C-CGM 
partially relieved a the branch-chain amino acid antagonism. 
Pigs fed the C-CGM diet, as compared with those fed the W-SBM diet, had 
higher concentrations of '^C in the PF of M. longissimus (P< .0002), empty body 
(P< .0001), liver (P< .002) and small intestine (P< .0001) (Table 4). The '^C 
abundance of the PF in the M. longissimus (P< .0002), empty body (P< .0001), liver 
(P < .002) and small intestine (P< .0001) showed treatment x weight group interactions. 
The PF of pigs killed when each treatment group averaged 46.6 kg were characteristically 
labelled according to diet type. For example, the PF of the C-CGM diet averaged delta 
'^C -14.19 %o and the PF of pigs analyzed delta '^C -12.66 %o. The delta '^C of the W-
SBM diet PF and PF of pigs fed the W-SBM were -26.36 %o and -24.76 %o, 
respectively. The difference in '^C abundance of PF of pigs and diets can be explained 
by incomplete labelling of pigs, sampling error, incomplete purification of PF 
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Table 3. Performance of pigs for 8 wk of the growing phase 
Item 
Diet treatment® 
C-CGM W-SBM CV P< 
ADG, kg .46 .64 20.7 .006 
ADFI, kg 1.00 1.50 7.1 .0008 
Gain/feed .42 .44 16.5 NS 
®Diet treatments: C-CGM 
meal. 
= com-corn gluten meal, W-SBM = wheat-soybean 
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Table 4. Delta '^C %o concentration of protein fraction in pigs during the growing phase 
Treatment weight group (kg) 
Treatment diet® 10.5 22.9 46.6 CV 
M, longissimus 
C-CGM*": -19.21 -14.38 -12.09 8.01 
W-SBM -19.25 -24.63 -25.42 
Empty body 
C-CGM'"^ -18.14 -13.98 -12.66 1.45 
W-SBM -18.06 -22.78 -24.76 
Liver 
C-CGM*": -20.28 -14.80 -11.53 14.16 
W-SBM -21.13 -26.48 -26.08 
Small intestine 
C-CGMbc 
-20.25 -12.49 -12.22 1.46 
W-SBM -20.33 -24.34 -24.90 
^Diet treatments: C-CGM = corn-corn gluten meal, W-SBM = wheat-soybean 
meal. 
''Treatment x weight group interaction (P< .001). 
•^Treatment effect (P< .001). 
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and contribution of nonessential amino acids derived from carbohydrates and fats. The 
abundance of the lipid fractions of animals, plants and microorganisms is less than 
those of the total organic matter, carbohydrate and PF. Analysis of these biochemical 
fractions of animals and the diets they are fed will not have identical '^C abundance 
because of interconversion among biochemical fractions during incorporation into animal 
tissues. Compounds such as vitamins and the essential amino acids are the exception to 
the rule because abundance of these compounds in the animal and the diet should be 
identical (Minson et al., 1975). 
Pigs in digestibility studies are usually adapted to an experimental diet for 5 to 7 
days before digesta or fecal collection. This '^C method does not allow for a long 
adaptation period because the '^C abundance of pig tissues begans to reflect the '^C 
abundance of the new diet type as soon as it is fed and utilized. Because of a short 
adaptation period, digesta may not be representative of the diet being fed. However, 
ferric oxide from the previous diet type had completely disappeared from ileal digesta 
before the start of collection. Also, apparent digestibility values of amino acids were not 
different (P> .1) between samples collected from pigs on d 1 and 2 and d 9 (Table 5). 
Protease activities in pancreatic tissue and juice may change in response to type or 
quantity of dietary proteins and this change may affect protein and amino acid 
digestibilities by pigs. However, this adaptation of protease activity is mainly because of 
the amount of protein ingested (Corring and Saucier, 1972). Partridge et al. (1982) fed 
isonitrogenous barley-wheat midds-fish meal and casein-based diets to pigs. After 
switching pigs to the opposite diet type, they found no differences in trypsin, 
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Table 5. Apparent ileal digestibilities of amino acids by pigs on d 1 and 2 and d 9 
Collection periods 
Amino acid d 1 and 2 d9 CV P< 
% 
Indispensable 
Arginine 82.3 83.5 2.9 .34 
Histidine 82.6 83.2 2.8 .58 
Isoleucine 84.9 86.0 2.1 .24 
Leucine 85.7 86.8 2.2 .27 
Lysine 77.6 79.8 3.2 .11 
Methionine 81.9 82.9 2.7 .39 
Phenylalanine 84.5 85.3 2.5 .42 
Threonine 68.6 69.1 5.3 .78 
Valine 78.8 80.2 3.2 .26 
Dispensable 
Alanine 78.5 80.4 3.1 .16 
Aspartic acid 72.9 74.6 2.9 .14 
Glutamic acid 87.9 88.4 2.2 .56 
Glycine 65.3 67.8 6.2 .24 
Serine 79.0 80.5 2.9 .22 
Tyrosine 83.8 85.1 2.4 .22 
chymotrypsin and carboxypeptidase A and B activity in the first 24 h. Similar results 
were obtained with these diets by Zebrowska et al. (1981) and Low (1982). 
Furthermore, the enzyme activity produced by the exocrine pancreas is considered 
to be much higher than is necessary to hydrolyze the amount of substrate ingested. For 
example, the addition of pancreatin did not improve growth rate or protein digestibility in 
rats, even when their pancreatic protein stores were decreased by 50% (Snook, 1974). 
Therefore, a 24-h adaptation period to a new diet before digesta collection seems to be 
adequate, if the diet is isonitrogenous to the previous diet. 
The apparent ileal amino acid digestibility coefficients of the C-CGM and W-SBM 
diets during d 1 and 2 of collection are reported in Table 6. Indispensable amino acids, 
with the exception of arginine, histidine, valine and threonine had higher (P< .05) 
digestibility coefficients for pigs fed the C-CGM diet than for those fed the W-SBM diet. 
With the former three amino acids there were no differences (P> .1) in digestibility 
between dietary treatments. However, threonine was more digestible (P< .04) in the W-
SBM diet than in the C-CGM diet. 
Apparent ileal protein digestibility (Table 6) was not different between treatment 
groups (P> .21). Southern (1991) reviewed a large body of literature and averaged pig 
ileal amino acid and protein digestibility coefficients with respect to feedstuff. For corn, 
CGM, wheat and SBM, he found protein digestibilities ranging from 66 to 82%, 72 to 
88%, 71 to 86% and 76 to 83%, respectively. Protein in the C-CGM and W-SBM diets 
were 80.0 and 77.5% digestible on d 1 and 2. These values fit within the previously 
listed ranges. 
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Table 6. Apparent ileal digestibilities of amino acids and protein by pigs on d 1 and 2 
Diet treatment® 
Amino acid C-CGM W-SBM CV P< 
% 
Protein 80.0 77.5 3.4 .21 
Indispensable 
Arginine 82.2 82.5 3.6 .83 
Histidine 83.5 81.7 3.2 .37 
Isoleucine 88.2 81.6 2.8 .002 
Leucine 90.1 81.3 2.9 .0003 
Lysine 81.5 73.7 5.4 .01 
Methionine 84.2 79.7 3.6 .05 
Phenylalanine 86.5 82.4 3.1 .04 
Threonine 66.7 70.6 7.7 .04 
Valine 80.2 77.3 4.1 .13 
Dispensable 
Alanine 85.4 71.7 4.7 .0001 
Aspartic acid 72.9 72.9 5.6 .99 
Glutamic acid 87.7 88.0 2.1 .82 
Glycine 66.4 64.1 8.6 .54 
Serine 80.1 78.0 3,9 .21 
Tyrosine 85.7 81.8 3.3 .05 
^Diet treatments: C-CGM = corn-corn gluten meal, W-SBM = wheat-soybean 
meal. 
Apparent fecal digestibility values are reported in Table 7. Isoleucine (P< .0003), 
leucine (P< .001), lysine (P< .002) and methionine (P< .0008) had higher fecal 
digestibility coefficients for the C-CGM diet than for the W-SBM diet. However, 
arginine in the W-SBM diet was more (P< .01) digestible than in the C-CGM. There 
were no differences (P> .1) in fecal digestibilities of Phe, threonine and valine between 
diet treatments. 
Urine, blood and intestinal mucosa can be considered as possible precursor pools 
for the determination of endogenous or "pig" protein stable isotope label. Herrmann et 
al. (1986) indicated, however, that '^N in urine is an unreliable indicator of endogenous 
secretion. The TCA-soluble fraction of the plasma was considered to be the precursor 
pool for synthesis of endogenous protein secreted into the gastro-intestinal lumen by 
Souffrant et al., 1981, 1986. Alpers ( 1972) demonstrated, however, that amino acids 
absorbed from the lumen can be used directly for protein synthesis without entering the 
systemic blood. As a result, the '^N-labelled amino acid concentrations measured in the 
TCA-soluble fraction of plasma would underestimate those used for endogenous protein 
synthesis. Nevertheless, the TCA-soluble fraction of blood plasma has been used as a 
label of endogenous N secretion by Herrmann et al. (1986); Souffrant (1981, 1986) and 
de Lange et al. (1990, 1992). Crude mucus has also been used (Lien et al., 1993). Lien 
et al. (1993) estimated similar endogenous protein secretion in pigs using either crude 
mucus or TCA-soluble fraction of plasma as precursor pools in making calculations. 
In theory, the '^C method used herein could be used to directly measure true 
digestibilities of protein and every amino acid. However, only the PF and Phe were 
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Table 7. Apparent fecal digestibilities of protein and amino acids by pigs on d 7 and 8 
Diet treatment" 
Item C-CGM W-SBM CV P< 
Protein 79.1 
Amino acids 
Indispensable 
Arginine 80.6 
Histidine 86.1 
Isoleucine 84.5 
Leucine 87.6 
Lysine 75.6 
Methionine 78.6 
Phenylalanine 82.6 
Threonine 71.1 
Valine 79.4 
Dispensable 
Alanine 83.7 
Aspartic acid 72.1 
Glutamic acid 87.7 
Glycine 77.5 
Serine 83.1 
Tyrosine 80.1 
% 
78.5 3.0 .74 
84.8 2.6 .01 
86.2 2.0 .96 
77.4 3.2 .0003 
80.0 2.9 .001 
63.9 5.8 .002 
69.8 3.6 .0008 
81.0 2.8 .31 
75.4 7.2 .23 
76.1 4.2 .15 
68.6 5.1 .0003 
75.6 6.0 .24 
91.5 2.1 .01 
80.0 3.2 .17 
83.2 3.0 .98 
77.0 3.1 .08 
®Diet treatments; C-CGM 
meal. 
= corn-corn gluten meal, W-SBM = wheat-soybean 
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isolated in this experiment. To calculate true amino acid digestibilities, the amino acid 
composition of endogenous protein was assumed to be the same as to that reported by de 
Lange et al. (1989). True digestibilities of amino acids, other than Phe, were calculated 
with each of three '^C sources as indexes of the endogenous protein precursor pool; 1) 
PF of small intestine 2) '^C PF of liver and 3) '^C Phe of small intestine. 
Endogenous ileal N loss by pigs is reported in Table 8. Using '^C PF of liver as 
the endogenous protein label, pigs fed the W-SBM diet had higher endogenous N losses 
expressed in g/d (P< .007), g/kg DMI (P< .007) and g/100 g protein intake (P< .03) 
than pigs fed the C-CGM diet. Using '^C abundance in PF of small intestine as a an 
endogenous protein label, pigs fed W-SBM had higher g/d (P< .03) and g/kg DMI 
(P< .04) N loss when compared with pigs fed the C-CGM diet. However, N loss 
expressed as g/100 g protein intake was not different (P> .1) between treatment groups. 
Similarly, when '^C abundance in Phe isolated from the small intestine was used as a 
label, pigs fed the W-SBM diet again had higher g/d (P< .02) and g/kg DMI (P< .03) N 
losses than pigs fed the C-CGM diet. Endogenous ileal N losses by pigs estimated using 
small intestine '^C Phe were greater than those calculated with '^C PF when expressed as 
g/d (4.46 vs 2.52 and 2.85) (P<.0001), g/kg DMI (1.88 vs 1.05 and 1.19) (P<.0001) 
and g/100 g protein intake (1.11 vs .62 and .71) (P< .0001). 
Estimated endogenous ileal N loss by pigs (g/d, g/kg DMI and g/100 g protein) 
using the '^N dilution technique and literature reference were as follows: 1) 6.1 g/d, 4.5 
g/kg DMI, 3.1 g/100 g of protein intake, de Lange et al. (1990) 2) 2.8 g/d, 8.8 g/kg 
DMI, 
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Table 8. Endogenous nitrogen loss during d 1 and 2 using small intestine and liver as the 
labels of endogenous excretion 
Diet treatment® 
Fraction/tissue C-CGM W-SBM CV P< 
Nitrogen (g/d) 
Amino acid fraction 
Liver 1.47 3.58 27.1 .007 
Small intestine 2.04 3.65 29.0 .03 
Phenylalanine 
small intestine 2.95 5.96 40.8 .02 
Nitrogen (g/kg DMI) 
Amino acid fraction 
Liver .64 1.47 27.2 .007 
Small intestine .88 1.50 29.2 .04 
Phenylalanine 
Small intestine 1.29 2.46 40.3 .03 
Nitrogen (g/100 g protein intake) 
Amino acid fraction 
Liver .44 .79 28.7 .03 
Small intestine .61 .81 31.2 .20 
Phenylalanine 
Small intestine .89 1.33 38.1 .17 
meal. 
®Diet treatments: C-CGM = corn-corn gluten meal, W-SBM = wheat-soybean 
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5.5 g/100 g protein intake, Huisman (1990) 3) 4.0 g/d, 4.7 g/kg DMI, 2.7 g/100 g 
protein intake, Souffrant et al. (1981); 4) 1.5 g/d, 4.5 g/kg DMI, 2.4 g/100 g protein 
intake, Heinz et al. (1991). Generally, endogenous g/d N losses calculated from the 
dilution technique are similar to values from this experiment. However, g/kg DMI and 
g/100 g protein intake values calculated with '^C abundance are lower when compared 
with the values using the '^N technique. These differences are probably because of 
differences in diet type, pig weight, feed intake and methodology. Pigs in this 
experiment weighed 72.6 kg during the collection period. Pigs used by Souffrant et al. 
(1981) and de Lange et al. (1990) weighed 40 kg and those used by Huismann (1990) and 
Heinz et al (1991) weighed 10 kg during digesta collection. Generally, pigs with a 
greater DMI have a greater content of endogenous N in ileal digesta (Souffrant, 1990). 
True digestibility of Phe and protein were directly calculated using '^C Phe 
isolated from the small intestine and '^C PF of liver and small intestine (Table 9). 
Apparent, true (small intestine) and true (liver) protein digestibilities were not different 
(P >. 1) between treatment diets. Apparent Phe digestibility was higher (P< .04) in the 
C-CGM diet than in the W-SBM diet, but true Phe digestibilities were not different 
(P> .1) between diet treatments. 
A comparison of '^C sources for determining true amino acid digestibility 
coefficients is presented in Table 10. For each amino acid, true amino acid digestibilities 
were different (P< .0007) among '^C sources. True digestibility values calculated using 
'^C abundance in Phe were higher (P< .0002) than those with methods using '^C 
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Table 9. Protein and phenylalanine ileal digestibilities by pigs during d 1 and 2 using 
small intestine and liver as the label of endogenous excretion 
Diet treatment" 
Item C-CGM W-SBM CV P< 
Protein 
Apparent 80.0 
True (small intestine) 83.8 
True (liver) 82.8 
Phenylalanine 
Apparent 86.5 
True (small intestine) 89.9 
77.5 3.4 .21 
82.6 2.6 .49 
82.5 2.6 .84 
82.4 3.1 .04 
88.3 2.6 .47 
®Diet treatments: C-CGM 
meal. 
= corn-corn gluten meal, W-SBM = wheat-soybean 
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Table 10. Comparison of true ileal amino acid digestibilities by calculation methods® 
P< 
Tissue/fraction 
Liver S.L S.L Liver Protein 
Amino acid protein'' protein® phe^ CV vs S.I® vs phe 
% 
Indispensable 
Arginine 84.9 85.4 86.2 1.4 .07 .0001 
Histidine 84.4 84.7 85.4 .9 .08 .0001 
Isoleucine 88.0 88.4 89.5 1.2 .09 .0001 
Leucine 88.1 88.3 89.2 .8 .12 .0001 
Lysine 81.9 82.5 84.0 1.8 .09 .0001 
Methionine 85.3 85.7 86.9 1.3 .09 .0001 
Phenylalanine 87.5 88.0 89.0 1.3 .08 .0001 
Threonine 75.7 76.9 79.4 3.9 .08 .0001 
Valine 82.5 83.1 84.4 1.7 .08 .0001 
Dispensable 
Alanine 82.6 83.1 84.5 1.5 .13 .0001 
Aspartic acid 77.4 78.1 79.6 2.4 .08 .0001 
Glutamic acid 89.5 89.8 90.4 .8 .07 .0001 
Glycine 71.7 72.8 75.0 3.7 .07 .0001 
Serine 82.8 83.4 84.7 1.8 .08 .0001 
Tyrosine 88.5 89.2 90.8 1.9 .09 .0001 
^Assumes endogenous amino acid profile is the same as reported by de Lange et 
al. (1989). 
''Calculated using '^C abundance of liver protein fraction as endogenous protein 
label. 
•^Calculated using '^C abundance of small intestine protein fraction as an 
endogenous protein label. 
^Calculated using '^C abundance of small intestine phenylalanine fraction as an 
endogenous protein label. 
"Contrast comparing '^C protein fraction of liver and small intestine as 
endogenous protein sources. 
Contrast comparing '^C phenylalanine as a source vs '"'C protein fractions of liver 
and small intestine. 
abundance in PF. However, true digestibility coefficients calculated from '^C PF were 
not different (P < .07) between liver and small intestine tissues. 
Carbon 13 Phe is probably a more appropriate label to calculate true digestibilities 
of other amino acids because it contained fewer impurities than the PF. And it does not 
include dispensable amino acids synthesized from fat and carbohydrates. These amino 
acids have slightly different '^C enrichments than the PF. Because true digestibility 
values calculated using PF of liver and small intestine tissues as labels of endogenous 
protein had nearly identical coefficients for C-CGM and W-SBM diets, only values 
derived from the small intestine label are presented. True digestibility values using '^C 
PF and Phe fractions as '^C sources are presented in Tables 11 and 12. 
On average, true indispensable amino acid digestibility coefficients derived from 
the '^C Phe label were 3.9 and 6.7 percentage units higher than apparent digestibility 
coefficients for C-CGM and W-SBM diets measured on d 1 and 2. True indispensable 
amino acid digestibility coefficients derived with the '^C PF calculation method were 2.2 
and 4.7 percentage units higher than apparent digestibility coefficients for C-CGM and 
W-SBM diets measured on d 1 and 2. 
According to Southern (1991) in his review, apparent digestibilities of 
indispensable amino acids in corn, wheat and SBM averaged 79.3, 83.1 and 82%, 
respectively, whereas average true digestibilities of indispensable amino acids in these 
feedstuffs, as measured with the "protein-free diet method" (i.e. pigs are fed a N-free 
diet, digesta is collected and analyzed for protein and amino acid content), were 86.4, 
89.8 and 87.8%. These are differences of 7.1, 6.7 and 5.8 percentage units for corn. 
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Table 11. True digestibility of amino acids on day one and two using the phenylalanine 
fraction of the small intestine as the label of endogenous amino acid excretion® 
Diet treatment'' 
Item C-CGM W-SBM CV P< 
(%) 
Indispensable 
Arginine 86.1 86.6 3.3 .82 
Histidine 85.7 85.2 2.8 .82 
Isoleucine 91.3 87.9 2.4 .09 
Leucine 91.9 86.7 2.4 .02 
Lysine 85.8 82.6 4.6 .25 
Methionine 87.4 86.7 3.0 .73 
Phenylalanine 89.9 88.3 2.6 .47 
Threonine 76.2 83.1 6.3 .04 
Valine 84.6 84.5 3.3 .98 
Dispensable 
Alanine 88.4 81.1 3.7 .01 
Aspartic acid 78.9 80.7 4.4 .51 
Glutamic acid 90.2 90.7 1.8 .77 
Glycine 75.0 74.8 7.6 .96 
Serine 84.7 85.0 3.4 .90 
Tyrosine 90.6 91.1 3.0 .84 
"Assumes undigested protein and endogenous protein have the same amino acid 
profile. 
''Diet treatments: C-CGM = corn-corn gluten meal, W-SBM = wheat-soybean 
meal. 
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Table 12. True ileal digestibility of amino acids on d 1 and 2 using the protein fraction 
of the small intestine as the label of endogenous amino acid excretion® 
Diet treatment'' 
Amino acid C-CGM W-SBM CV P < 
% 
Indispensable 
Arginine 85.5 85.3 3.1 .91 
Histidine 85.4 84.1 2.8 .48 
Isoleucine 90.8 86.1 2.2 .005 
Leucine 91.6 85.1 2.4 .002 
Lysine 85.0 79.9 4.3 .03 
Methionine 86.9 84.6 3.0 .20 
Phenylalanine 89.4 86.6 2.4 .12 
Threonine 74.6 79.2 5.9 .09 
Valine 83.9 82.3 3.2 .38 
Dispensable 
Alanine 87.9 78.2 3.7 .0004 
Aspartic acid 78.0 78.3 4.2 .89 
Glutamic acid 89.8 89.9 1.8 .93 
Glycine 73.6 72.1 7.2 .62 
Serine 83.9 82.9 3.1 .57 
Tyrosine 89.8 88.5 2.6 .45 
"Assumes endogenous amino acid profile is the same as reported by de Lange et 
al. (1989). 
''Diet treatments: C-CGM = corn-corn gluten meal, W-SBM = wheat-soybean 
meal. 
61 
wheat and SBM. True digestibility values measured in the experiment reported herein 
were similar to those measured using a protein-free diet. However, direct comparisons 
cannot be made because more than one source of protein was included in the test diets of 
this experiment. 
De Lange et al. (1991) suggested that true amino acid digestibility measured by 
the "protein-free diet method" underestimates digestibility. Using the '^N-isotope 
method, they calculated true digestibility coefficients of indispensable amino acids of 
101.7 and 96.7% for wheat and SBM, whereas apparent indispensable amino acid 
digestibility values were 81.0 and 85.0%. These are differences of 20.7 and 11.7 
percentage units. However, Lien et al. (1993) suggested that the '^N method 
overestimated endogenous protein losses and proposed alternative '^N leucine and '^N 
isoleucine techniques. 
The estimation of true amino acid digestibilities in pigs is technically very 
difficult. The classic "protein-free diet method" has been used for many years, but it is 
now clear that endogenous nitrogen losses are influenced by protein concentrations, fiber 
levels and antinutritional factors. The recently introduced '^N dilution technique accounts 
for the some of the problems of the "protein-free diet method", but has the following 
systematic problems: 1) recirculation of label, 2) method of labeling the animals N pool 
3) selection of a tissue to be assayed which is representative of endogenous N secretion 
and 4) Cost of substances labelled with '^N limits the practical application of the '^N 
dilution technique. The '^C technique reported herein shares the former three problems 
with the '^N dilution technique. However, cost of substances used to label the animal is 
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much less expensive because common feedstuffs with different abundances are used. 
However, measuring natural abundance of '^C requires an isotope ratio mass 
spectrometer is tedious and is very expensive. 
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IMPLICATIONS 
The '^C method seems to be a promising method to determine true amino acid 
digestibility in pigs. One problem with isotope tracer methods is choosing a 
representative tissue as a label of endogenous amino acid secretion. Further research 
should focus on diets containing one protein source and on selection of the proper 
precursor pool for estimation of endogenous protein and amino acids. 
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ABSTRACT 
The objective of this study was to evaluate "C abundance to determine true amino 
acid digestibilities. Sixty pigs averaging 11.2 kg BW were fed dietary treatments 
consisting of a corn-corn gluten meal-crystalline amino acid diet (C-CGM) and a wheat-
soybean meal diet (W-SBM). The "C abundance of the lysine (Lys) fraction of the C-
CGM and W-SBM diets averaged delta "C -11.36 and -23.42 %o, respectively. Three 
pigs/treatment group were killed on d 0, 4, 7, 14 and 28 and Lys fractions of the organs 
were assayed for "C abundance. The "C abundance in Lys isolated from the liver 
increased (-18.31, -16.03, -13.52, -12.90 and -12.95 %o) with the number of days pigs 
were fed the C-CGM diet and decreased (-18.06, -18.91, -18.79, -19.80 and -20.23 %o) 
with the number of days pigs were fed the W-SBM diets. Lys in empty body and small 
intestine tissues showed similar trends. Each tissue was labeled according to their 
treatment diet (P< .006) and the empty body and small intestine tissues were labeled 
according to diet treatment x day (P< .05). Ten pigs averaging 57.7 kg BW from each 
diet treatment group were assigned to metabolism cages and six of these pigs were 
implanted with T-cannulae in the ileum. On d 0 at 0700 h (17 d after surgery), pigs fed 
the W-SBM diet were switched to the com diet and pigs fed the C-CGM diet were 
switched to the wheat diet. Digesta were collected from 0700 to 1900 h on d 1 and 2. 
Pigs were then returned to their original diets. On d 17 at 0700, pigs fed the W-SBM 
diet were switched to the com starch-crystalline Lys diet and pigs fed the C-CGM diet 
were switched to the corn starch-SBM diet. Digesta were collected from 0700 to 1900 h 
on d 18 and 19. Blood for isolation of trichloroacetic acid (TCA)-soluble fraction of 
plasma was collected on d 1, 2, 18 and 19 at 0900, 1300 and 1700 h. On d 1 and 2, one 
pig fed the com diet and one pig fed the wheat diet were killed at 1300 h. Also, on d 18 
and 19, one pig fed the soybean meal diet and one pig fed the Lys diet were killed at 
1300 h. Apparent Lys digestibility (%), true Lys digestibility (%) calculated using "C 
Phe fraction of the small intestine as an index of endogenous protein secretion, and true 
lysine digestibility (%) using the "C abundance of the TCA-soluble fraction of plasma for 
each feedstuff are as follows: com, 46.6, 62.4, 77.5; wheat, 61.1, 79.2, 76.3; soybean 
meal, 88.4, 95.8, 93.1; crystalline lysine, 92.9, 95.6, 99.4. Although true digestibility 
values of Lys and other amino acids varied with tissue source used for estimation of 
endogenous protein, it is clear that apparent digestibility values are much lower than true 
digestibility values, particularly for com and wheat. 
Key Words: Pigs, True Amino Acid Digestibilities, Carbon 13. 
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INTRODUCTION 
There has been considerable research in the last decade on techniques to measure 
true ileal digestibilities of protein and amino acids in pigs. The classical method of 
determining endogenous protein and amino acid losses in pigs is to feed a nitrogen (N)-
free diet, collect digesta and analyze it for protein and amino acid content. 
Arentson and Zimmerman (1992) introduced a new method to measure true amino 
acid digestibilities by pigs using diets with different "C abundance. Pigs were fed diets 
with feedstuffs from Q or C3 plants during a growing period. Pigs were then implanted 
with T-cannuIae in the terminal ileum. After a recovery period, pigs were fed the other 
diet type and digesta were collected. Ileal protein and phenylalanine (Phe) were 
partitioned into endogenous and undigested fractions according to abundance. 
Plants (C4) that fix carbon dioxide via the dicarboxylic acid pathway (C4 pathway) 
have less isotopic discrimination than plants (C3) that fix carbon dioxide by only the 
Calvin cycle (C3 pathway; Minson et al., 1975). Carbon 13 abundances are commonly 
expressed as delta "C value in parts per thousand or parts per mil (%o) difference from 
Pee Dee Belemnite. The delta "C for C4 plants is -13.5 ± 1.5 %o and for C3 plants the 
value is -28.1 ± 2.5 %o (O'Leary, 1981). Com, sorghum grain and sugar cane are C4 
plants and wheat, barley and soybeans are C3 plants. 
The purpose of this experiment was to: 1) further refine this '^C method for 
practical use 2) semipreparatively isolate lysine (Lys) and Phe from tissues, digesta and 
feed for '^C analysis 3) determine if the trichloroacetic acid (TCA)-soluble fraction of 
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plasma is representative of the "C abundance of intestinal tissue and 4) compare rates of 
protein turnover in different tissues. 
MATERIALS AND METHODS 
Growing phase 
Sixty crossbred pigs were weaned at 4 wk of age and randomly assigned to 12 
pens with five pigs/pens. They were fed a common starter diet until they averaged 11.2 
kg BW. Two diet treatments were then randomly assigned to pens in a completely 
randomized design. The two diet treatments consisted of a series of three wheat-soybean 
meal (SBM) diets (W-SBM) and a series of three corn-corn gluten meal (CGM)-
crystalline amino acid diets (C-CGM) (Table 1 and 2). The three diets within a diet 
treatment were fed when pigs within a treatment group averaged 10 to 20, 20 to 50 and 
50 to 100 kg. The W-SBM diets contained feedstuffs from C3 plants and the C-CGM 
diets contained feedstuffs from C4 plants. Wheat and com were ground through a 
hammermill with 7.9 and 4.8 mm screens, respectively. CGM and SBM were not 
processed before mixing. 
Pigs were housed in 1.2 x 1.2 m raised deck pens with wire-mesh flooring for the 
first 36 d after weaning. Pigs were then transferred to 1.8 x 1.8 m grower pens with 
partially-slatted concrete floors. Water and feed were available ad libitum throughout the 
growing phase. Pig weights and feed intake were measured weekly. 
Three pigs from each treatment group were killed by electrocution 0 (initial), 4,7, 
14 and 28 d after pigs were started on their respective diet treatments. Liver and small 
intestine were separated from the empty body and the small intestine was carefully rinsed 
with .9% NaCl solution. The empty body, liver and small intestine were frozen at -20 
°C for later chemical analysis. The growing phase was terminated after 8 wk. 
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Table 1. Percentage composition of diets 
C-CGM W-SBM 
10 to 20 to 50 to 10 to 20 to 50 to 
20 kg 50 kg 110 kg 20 kg 50 kg 110 kg 
Com 78.43 84.75 88.62 
Cora gluten meal 16.96 11.59 8.32 
Wheat 68.41 78.23 85.99 
Soybean meal 28.88 19.58 11.89 
Dicalcium phosphate 1.98 1.39 .80 1.28 .80 .53 
Calcium carbonate .68 .74 .80 .87 .89 .84 
L-lysineHCl .87 .63 .45 
L-tryptophan .12 .10 .08 
L-isoleucine .20 .15 .10 
L-valine .10 .10 .05 
L-threonine .08 .05 .03 
Vitamin premix* .20 .20 .20 .20 .20 .20 
Trace mineral premix*" .05 .05 .05 .05 .05 .05 
Salt .25 .25 .50 .25 .25 .50 
Antibiotic premix' .05 .05 
Choline chloride .02 
Ethoxyquin .01 .01 
'Supplied per kg of diet: 4,409 lU vit A; 1,102 lU vit D,; 22 lU vit A; 6.6 mg riboflavin; 17.6 
mg pantothenic acid; 33.1 mg niacin; 22.0 ug vit 8,%. 
''Supplied per kg of diet: Zn, 75.0 mg; Fe 87.5 mg; Mn 30.0 mg; Cu, 8.8 mg; I, 1.0 mg. 
'Supplied per kg of diet: 110 mg chlortetracycline; 110 mg sulfathiazole; 50 mg penicillin. 
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Table 2. Analysis of experimental diets* 
. C-CGM W-SBM 
10 to 20 to 50 to 10 to 20 to 50 to 
20 kg 50 kg 110 kg 20 kg 50 kg 110 kg 
Analyzed: 
Protein, % 
Lysine, % 
Leucine, % 
Isoleucine, % 
Valine, % 
Lysine fraction, 
delta "C, %o. 
Calculated: 
Tryptophan, % 
Calcium, % 
Phosphorus, % 
18.20 15.35 13.33 23.27 21.13 17.68 
1.03 .78 .68 .98 .88 .64 
2.29 1.90 1.60 1.51 1.37 1.12 
.70 .57 .47 .75 .65 .54 
.74 .68 .56 .89 .77 .67 
-11.08 -11.22 -11.47 -23.23 -23.81 -23.22 
.22 .18 .15 .32 .27 .23 
.70 .60 .50 .70 .60 .50 
.66 .55 .44 .66 .55 .49 
"Diet treatments: C-CGM 
meal. 
= corn-corn gluten meal, W-SBM = wheat-soybean 
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Surgery phase 
Ten pigs averaging 57.7 kg BW from each treatment group were transferred to 
metabolism cages and fed the same diet treatment as they were fed during the growing 
phase. Pigs were fed 85% of the NRC (1988) predicted feed intake. Pigs were fed equal 
portions at 0700 and 1900 h. Feed was fed as a wet mash and additional water was 
available ad libitum via nipple waterers. Six pigs/treatment group were then implanted 
with ileal cannulae and jugular catheters. The surgical and animal procedures were 
approved by the Iowa State University Committee on Animal Care. 
Cannulae were a modified version of those described by Arentson and 
Zimmerman (1993). Cannulae were modified as follows: 1) the diameter of the base, 
stem and cap was increased from 15.9 mm o.d. x 12.7 mm i.d. to 22 mm o.d. x 17 mm 
i.d. 2) the diameter of the hole in the external washer was increased from 15.9 mm to 22 
mm. 
Implantation of cannulae at the terminal ileum of the pigs was as described by 
Gargallo and Zimmerman (1980). Pigs were surgically prepared with catheters in the 
right jugular vein as described by Christison and Curtin (1969). 
Pigs were withheld from feed for 24 h before surgery. They were anesthetized by 
i.m. injection of .05 mg/kg of Atropine Injectable L.A. (Fort Dodge Lab., Inc. Fort 
Dodge, lA). After 10 min, they received an i.m. injection of 10 mg/kg of Ketaset® (Fort 
Dodge Lab.). Anesthesia was maintained with Halothane USP (Halocarbon Lab., North 
Augusta, SC) and oxygen delivered by nose cone. Tygon® Microbore Tubing (Norton 
Performance Plastics, Akron, OH) measuring 1.27 mm i.d. x 2.29 mm o.d. x .9 m in 
length was used as catheters. Catheters were flushed every 2 d with heparinized saline 
made with 100 units of heparin (Sodium Injection USP, Elkins-Sinn, Inc., Cherry Hill, 
NJ) per ml of .9% Sodium Injection USP (Baxter Healthcare, Inc., Deerfield, IL). 
After surgery, pigs were withheld from feed overnight. Pigs were fed 100 g of 
their respective diets at 0700 and 1900 h the d after surgery. Feed offeréd was increased 
by 500 g/d until pigs ate 85% of the expected feed intake as predicted by NRC (1988). 
Rectal temperatures of pigs were monitored twice daily for 5 d after surgery. Pigs were 
allowed 18 d to recover from surgery before digesta collection. 
Collection phase 
All pigs, including those not implanted with cannulae, were fed at 85 % NRC 
(1988) predicted feed intake. Diets were fed as a wet mash and additional water was 
available via nipple drinkers. For 3 d before digesta collection and during digesta 
collection, pigs were fed equal portions of their treatment diets at 0700, 1300, 1900 and 
0100 h. At other times, pigs were fed two equal meals at 0700 and 1900 h. 
On d -1 (16 d after surgery), all pigs were fed their 0100 h meal in which 1% 
ferric oxide replaced com in the C-CGM diet and wheat in the W-SBM diet. Ferric 
oxide was used to verify the disappearance of this meal from the ileum. 
At 700 h on d 0, pigs receiving the C-CGM diet were switched to the wheat diet 
and pigs receiving the W-SBM diet were switched to the corn diet (Table 3 and 4). Both 
diets contained .25 % chromic oxide as an indigestible marker. Digesta were collected 
after disappearance of the ferric oxide from the ileum. This disappearance occurred by 
0700 h on d 1. Digesta were collected on d 1 and d 2 from 0700 to 1900 h. Digesta 
78 
Table 3. Percentage composition of diets 
C4 diets C3 diets 
Cora CS-Lysine CS-CGM Wheat CS-SBM 
Com 94.08 
Com gluten meal 26.67 
Wheat 94.27 
Soybean meal 33.00 
L-lysineHCl .64 
Dicalcium phosphate .96 2.40 1.71 .59 1.23 
Calcium carbonate .71 .37 .89 .39 
Com starch 79.71 54.00 51.13 
Dextrose 10.00 10.00 10.00 
Cellulose 3.00 3.00 3.00 
Com oil 3.00 3.00 3.00 
Soy oil 3.00 3.00 
Vitamin premix' .40 .40 .40 .40 .40 
Trace mineral premix"" .10 .10 .10 .10 .10 
Salt .50 .50 .50 .50 .50 
Chromic oxide .25 .25 .25 .25 
"Supplied per kg of diet: 8,818 lU vit A; 2,204 lU vit D,; 44 lU vit E; 1 mg vit 
K; 13.2 mg riboflavin; 35.2 mg pantothenic acid; 66.2 mg niacin; 44.0 ug vit B,2 .1 mg 
biotin; .6 g choline; .6 mg folacin; 2.0 mg thiamin; 2.0 mg vit Bg. 
""Supplied per kg of diet: Zn, 150.0 mg; Fe 175 mg; Mn 60.0 mg; Cu, 17.6 mg; 
I, 2.0 mg. 
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Table 4. Analysis of experimental diets for the collection phase* 
Ci diets C, diets 
Com CS-lysine Wheat CS-SBM 
Analyzed: 
Protein, % 7.37 1.15 12.26 16.93 
Lysine, % .22 .60 .35 .94 
Leucine, % .87 .00 .74 1.18 
Isoleucine, % .21 .00 .33 .60 
Valine, % .32 .00 .47 .65 
Phe fraction, -11.40 — -22.52 -25.76 
delta "C, %o 
Calculated: 
Tryptophan, % .09 .00 .16 .23 
Calcium, % .50 .53 .50 .50 
Phosphorus, % .44 .44 .44 .44 
'Diet treatments: CS-lysine = com starch-lysine diet, CS-CGM = com starch-
CGM diet, C-CS-SBM = com starch-soybean meal diet with chromic oxide, CS-SBM = 
com starch-soybean meal diet. 
were collected through a 60° elbow with a plastic bag attached to it. The bags were 
emptied every 15 min into containers resting in ice. After the end of each 12-h collection 
period, digesta were homogenized and a 400-ml aliquot was collected. The aliquot was 
immediately frozen at -20 °C. The remaining digesta from each pig were warmed to 
37°C and slowly reintroduced via the ileal cannula. At 0900, 1300 and 1700 h on d 1 
and 2, 100 ml of blood from each pig was collected from catheters into syringes that 
contained EDTA. The TCA-soluble fraction of the plasma was isolated according to de 
Lange et al. (1990). 
At 1300 h on d 1 and 2, one pig from each treatment group that was not 
implanted with cannula was killed by electrocution. The liver was removed and frozen at 
-20 °C for later chemical analysis. The small intestine was removed and carefully 
flushed with .9% NaCl solution and then stored at -20 °C for later analysis. The 
remainder of each pig was discarded. 
Immediately after digesta collection was completed, the pigs fed the com diet 
were switched to the W-SBM diet and the pigs fed the wheat diet were switched to the C-
CGM diet to relabel the pigs' tissues according to the diet treatment they were fed during 
the growing phase. 
At 0700 h on d 16, all pigs fed the C-CGM diet were switched to a comstarch-
CGM based diet (CS-CGM), and pigs fed the W-SBM diet were switched to a com 
starch-SBM diet (CS-SBM) (Table 3). These diets allowed the pigs to adjust to diets 
containing com starch without changing the "C abundance of the indispensable amino 
acids in the tissues of the pigs. On d 16, pigs were fed their 0100 h meal with 1% ferric 
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oxide substituted for com starch in the CS-CGM and CS-SBM diets. At 0700 h on d 17, 
pigs fed the SBM diet were switched to the com starch-Lys diet (CS-L) and pigs fed the 
CS-CGM diet were switched to the CS-SBM diet (Table 3 and 4). Both diets contained 
.25 % chromic oxide which was used as an indigestible marker. Two pigs were removed 
from the experiment because they refused to eat the CS-Lys diet. 
At 0700 h on d 18, digesta collection began. On d 18 and 19, blood and digesta 
collections from pigs were done the same as those collections on d 1 and 2. Also, at 
1300 h on d 18 and 19, one pig without a cannula from each treatment group was killed 
and tissues collected in a similar manner as those on d 1 and 2. 
Analytical 
Digesta were prepared for analysis by the procedure of De Goey and Ewan 
(1979b). Liver and small intestine were ground with a meat grinder, homogenized, 
subsampled, freeze-dried and then ground through a 2 mm screen. The remainder of the 
wet small intestine and liver tissues were included in the empty bodies. The frozen 
empty bodies were then ground and lyophilized for chemical analysis as described by De 
Goey and Ewan (1975a). Digesta and feed dry matter and nitrogen (N) were assayed 
according to AOAC (1980). Chromium content of feed, feces and digesta was assayed 
according to Williams et al. (1962). 
For amino acid analysis of feed, feces and digesta, samples were hydrolyzed in 6 
N HCl for 20 h under N; at 105 °C. Amino acids were separated with an ion-exchange 
column (3 x 250 mm lithium gradient, Pickering Laboratories, Mountain View, CA) and 
detected by fluorometry after post-column reaction with o-phthalaldehyde (Pickering 
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Laboratories, Mountain View, CA) and analyzed by HPLC (Shimazdu LC-6A, Columbia, 
MD). Tryptophan and cystine were not analyzed. Methionine is reported as an estimate. 
Lys isolation from tissues, feeds and digesta was done according to the procedure 
outlined in Appendix A. A representative sample was confirmed to be pure using proton 
nuclear magnetic resonance. 
Phe was isolated from small intestine tissue, digesta, feeds and TCA-soluble 
fraction of plasma using a modified procedure of Link (1991) (Appendix A). 
Carbon 13 abundance of Phe and Lys was analyzed by Metabolic Solutions, Inc., 
Acton, MA with dumas combustion and isotope ratio mass spectrometry. 
Carbon 13 abundance of Phe was used to calculate N losses and true amino acid 
digestibilities by pigs. The presence of an unknown substance in digesta samples 
prevented isolation of a large enough quantity of Lys for valid "C analysis. 
Calculations 
Amino acid and protein digestibilities were calculated according to the following 
equation: 
Percent apparent digestibility = N/Cj - N,/C, ^ 100 
FW 
Cj = percent CrjOj in feed 
C, = percent CrjOs in sample 
Nj = percent nutrient in feed 
N, = percent nutrient in sample 
Ileal Phe digestibility were calculated by correcting for endogenous 
Phe. The following equation was used: 
Percent true digestibility = N/Cj - correction factor 
X 100 
N/Cd 
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Correction factor = N,/C. - (N,/C. x (("C. - "CJ/C'Cp - "C )^) 
Cd = percent chromic oxide in feed 
C, = percent chromic oxide in sample 
Nj = percent nutrient in feed 
N, = percent nutrient in sample 
"C, = delta "C in sample Phe 
"Cd = delta "C in feed Phe 
"Cp = delta in pig Phe 
Statistics 
Data were analyzed as a split plot design. C-CGM and W-SBM diets were the 
main plot treatments during the growing phase and com, wheat, CS-SBM and CS-Lys 
diet treatments were main plot treatments during the collection phase. Tests of 
significance for sub plot elements were made by using conservative degrees of freedom as 
described by Geisser and Greenhouse (1958). Conservative degrees of freedom, 
however, were not appropriate to analyze the day effects for pigs killed during the 
growing phase. 
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RESULTS AND DISCUSSION 
Performance of pigs for the first 8 wk of the growing phase is reported in Table 
5. Pigs fed the C-CGM and W-SBM diets had similar (P> .1) ADO, ADFI and 
gain/feed. Pigs fed the C-CGM diets had performance consistent or similar with that in 
the experiment reported by Arentson and Zimmerman (1993). 
Pigs fed the C-CGM diet, as compared with those fed the W-SBM diet, had 
higher abundance of "C in the Lys fraction of the empty body (P< .006), liver 
(P<.0001) and small intestine (P<.0001) (Table 6). The "C abundance of the Lys 
fractions of empty body and liver showed diet treatment x day labeling differences 
(P< .05). The Lys fraction of tissues was labeled according to the diet type that was fed. 
For example, the '^C abundance of Lys in the C-CGM diets averaged -11.26 %o and the 
Lys "C abundance of the liver tissue of pigs killed on d 28 averaged -12.95 %o and 
empty body tissue averaged -14.16 %o. The '^C abundance of the W-SBM diets averaged 
-23.42 %o and Lys "C abundance of liver tissue of pigs killed on d 28 averaged -19.57 
%o and empty body tissue averaged -18.45 %o. The liver tissue of pigs labeled faster 
than the empty body tissue. The tissues of pigs killed on d 28 did not have the same "C 
abundances as the diets they were fed. Therefore, a period of 28 d was not long enough 
for complete "C labeling of tissues. 
The apparent ileal amino acid digestibility coefficients of com, wheat and SBM 
are reported in Table 7. Apparent digestibility of Lys in the CS-Lys diet was 92.9%. 
Protein and all amino acids in soybean meal were more digestible (P< .05) than those in 
wheat or corn. Amino acids, with exceptions of histidine, methionine and tyrosine, had 
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Table 5. Performance of pigs for 8 wk of the growing phase 
Item C-CGM 
Diet type" 
W-SBM CV P< 
ADG, kg .62 .63 30.37 NS 
ADFI, kg 1.36 1.41 10.94 NS 
Gain/feed .47 .48 31.35 NS 
•Diet treatments: C-CGM = com-com gluten meal diet, W-SBM = wheat- soybean 
meal diet. 
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Table 6. Delta "C %o concentration of lysine fraction of pigs during the growing phase 
Days on experiment 
Treatment diet" 0 4 7 14 28 CV 
Empty body 
C-CGM"" -18.45 -17.35 -14.60 -13.72 -14.16 9.60 
W-SBM -18.35 -16.78 -18.45 -18.08 -18.45 
Liver 
C-CGM" -18.31 -16.03 -13.52 -12.90 -12.95 4.94 
W-SBM -18.06 -18.91 -18.79 -19.80 -20.23 
Small intestine 
C-CGM"" -16.12 -15.91 -12.82 -13.89 -13.34 12.18 
W-SBM -14.64 -20.25 -18.22 -18.17 -19.57 
'Diet treatments: C-CGM = corn-corn gluten meal diet, W-SBM = wheat-soybean 
meal. 
''Diet treatment effect (P< .001). 
'Diet treatment x day (P< .05). 
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Table 7. Apparent ileal digestibilities of amino acids and protein by pigs 
Feedstuff 
Soybean 
Item Com Wheat meal CV 
Protein 59.3' 
Amino Acids 
Indispensable 
Arginine 70.1" 
Histidine 71.3' 
Isoleucine 56.1' 
Leucine 79.3* 
Lysine 46.6" 
Methionine 77.7" 
Phenylalanine 72.4" 
Threonine 40.2" 
• Valine 57.9" 
Dispensable 
Alanine 69.2" 
Aspartic acid 56.2" 
Glutamic acid 76.6" 
Glycine 35.4" 
Serine 61.3" 
Tyrosine 71.9" 
% 
71.7" 85.9° 7.3 
77.4" 92.9= 7.0 
72.2" 87.5" 5.8 
70.7" 86.5= 6.2 
76.2" 88.7= 3.8 
61.1" 88.4= 9.3 
78.1" 91.3" 3.9 
77.4" 88.8= 4.5 
59.1" 81.5= 11.9 
67.9" 84.7= 7.1 
61.5" 84.1= 6.3 
62.1" 87.0= 7.6 
84.7" 90.8= 4.0 
58.8" 76.0= 9.8 
72.4" 86.3= 8.5 
74.7" 88.7" 4.8 
"••'•'Values within a row that do not have common superscript letters differ 
(P<.05). 
higher (P< .05) digestibilities in wheat than in com. Histidine, methionine and tyrosine 
had similar (P> .1) digestibility values for com and wheat. Generally, the apparent 
amino acid (especially Lys) digestibility values calculated for com were very low. 
Southern (1991), however, cited a sample of com that had a lysine digestibility of 52%. 
Generally, estimated apparent amino acid digestibility values are affected by the amino 
acid concentration of the diet fed. In order to have a meaningful estimate of amino acid 
digestibility, the amino acid concentrations of the diet need to be above a "threshold" 
level so that the concentrations of undigested amino acids from the feed are not diluted by 
the endogenous amino acids (Fen and Sauer, 1993). Clearly, many of the amino acid 
concentrations in the wheat and com diets reported herein are below these threshold 
levels. For example, the threshold concentration of lysine in a soybean meal is .70%. 
The lysine concentrations of the com and wheat diets in the experiment reported herein 
were .22 and .35%, respectively. Another possible explanation for the low apparent 
amino acid digestibilities of com and wheat was that chromic oxide did not adequately 
serve as a marker. Passage rates of the chromic oxide and the feed particles may have 
been different and caused low amino acid digestibility values. 
Arentson and Zimmerman (1992) used '^C abundance of small intestine and liver 
tissues as precursor pools for the determination of endogenous or "pig" protein label. 
Using intestinal tissue may underestimate true digestibility because amino acids that are 
digested can be absorbed and recycled into the gastrointestinal lumen via pancreatic 
secretions within 6 h (Simon et al., 1983). Because of this, the TCA-soluble fraction of 
the plasma was considered to be a more appropriate precursor pool for estimation of 
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endogenous protein secreted into the gastrointestinal lumen (Souffrant et al., 1981, 1986). 
Alpers (1972) demonstrated, however, that amino acids absorbed from the lumen of the 
intestine can be used for protein synthesis locally without entering systemic blood. As a 
result, the "N-labeled amino acid concentrations measured in the TCA-soluble fraction of 
plasma would underestimate the "N abundance used for endogenous protein synthesis. In 
the experiment reported herein, both "C abundance of Phe in small intestine tissue and 
the "C abundance of the TCA-soluble fraction of the plasma were used as indices of the 
endogenous protein precursor pool. To calculate true amino acid digestibilities, the 
amino acid composition of endogenous protein was assumed to be the same as that 
reported by de Lange et al. (1989). 
Endogenous ileal N losses by pigs are reported in Table 8. The crystalline lysine 
diet was not included in g/100 g analysis because it had a very low protein content. 
Endogenous N losses by pigs (g/d, g/kg and g/lOOg protein) showed treatment x tissue 
effects (P< .0001). Pigs fed the com and Lys diets had greater endogenous losses when 
estimated using the "C abundance of the TCA-soluble fraction of plasma than when 
estimated with the "C abundance of small intestine tissue. In contrast, pigs fed the wheat 
and soybean meal diets had greater endogenous losses when estimated using '^C 
abundance of the small intestine tissue than with the "C abundance of the TCA-soluble 
fraction of plasma. Generally, endogenous losses by pigs are higher when pigs are fed 
protein with a "poorer" amino acid balance (Souffrant 1991). Because the TCA-soluble 
fraction of plasma has a faster turnover rate than intestinal tissue, it may be more 
sensitive to amino acid balance. 
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Table 8. Endogenous nitrogen losses by pigs using Phe "C abundance from the small 
intestine and the TCA-soluble fraction of the small intestine as the label of 
amino acid excretion 
Feedstuff 
Soybean Crystalline P<, Tissue 
Item Corn Wheat meal lysine CV x Treatment 
Nitrogen (g/d) 
Small intestine 3.30 5.82 5.63 1.53 27.3 P<.0001 
TCA-soluble 6.42 4.90 4.11 3.47 
Nitrogen (g/kg DMI) 
Small intestine 1.69 2.85 2.96 .77 28.2 P<.001 
TCA-soluble 3.30 2.40 2.17 1.75 
Nitrogen (g/100 g protein intake) 
Small intestine 2.00 2.11 1.58 25.7 P<.001 
TCA-soluble 3.90 1.78 1.16 
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Endogenous ileal N losses (g/d, g/kg DMI and g/lOOg protein intake) by pigs 
have been estimated for pigs fed soybean meal and wheat by de Lange et al. (1990) using 
the "N dilution technique. Pigs fed soybean meal had a N loss of 5.8 g/d, 4.1 g/kg DMI 
or 2.2 g/100 g of protein intake. Pigs fed wheat had an endogenous N loss of 5.8 g/d, 
4.4 g/kg DMI and 3.1 g/100 g of protein intake. Generally, endogenous N losses 
calculated for pigs fed wheat and soybean by de Lange et al. (1990), were similar to 
those in pigs fed similar diets in the experiment reported herein. Pigs in this experiment 
weighed 69.3 kg during the collection, whereas pigs used by de Lange et al. (1990) 
weighed 40 kg. 
True digestibility values of indispensable and dispensable amino acids and protein 
in com, wheat and soybean meal diets are presented in Tables 9, 10 and 11. On 
average, true indispensable amino acid digestibility coefficients calculated using the ''C 
abundance of the small intestine tissue were 11.5, 15.8 and 7.6 percentage units higher 
than apparent digestibility coefficients for com, wheat and soybean meal diets. True 
indispensable amino acid digestibility coefficients derived from the '^C abundance of the 
TCA-soluble fraction were 23.4, 9.7 and 6.2 percentage units higher than apparent 
digestibility coefficients for corn, wheat and soybean meal diets. Each amino acid and 
protein showed a treatment x tissue effect (P<0001). The reason for this treatment x 
tissue effect is because the TCA-soluble fraction of plasma may be more sensitive to 
amino acid balance than small intestine tissue. Endogenous losses by pigs are higher 
when pigs are fed protein with a "poorer" amino acid balance (Souffrant 1991). An 
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Table 9. Comparison of true ileal indispensable protein digestibility by calculation 
methods 
Feedstuff 
Soybean P <, Tissue 
Item Cora Wheat meal CV x treatment 
% 
Small intestine 71.8 84.9 95.8 3.8 .0001 
TCA-soluble 83.7 82.8 93.2 
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Table 10. Comparison of true ileal indispensable amino acid digestibilities by calculation 
methods 
Tissue Cora 
Feedstuff 
Wheat 
Soybean 
meal CV 
P <, Tissue 
X treatment 
Small intestine 
TCA-soluble 
78.7 
86.9 
86.4 
85.0 
Arginine, % 
97.8 
96.0 
2.2 .0001 
Small intestine 
TCA-soluble 
76.2 
80.8 
78.8 
77.8 
Histidine, % 
92.4 
90.6 
1.5 .0001 
Small intestine 
TCA-soluble 
70.4 
83.8 
86.1 
83.7 
Isoleucine, % 
95.7 
92.3 
3.8 .0001 
Small intestine 
TCA-soluble 
84.7 
89.9 
87.4 
85.7 
Leucine, % 
96.3 
93.5 
1.9 .0001 
Small intestine 
TCA-soluble 
62.4 
77.5 
79.2 
76.3 
Lysine, % 
95.8 
93.1 
4.3 .0001 
Small intestine 
TCA-soluble 
86.1 
94.0 
Methionine, % 
90.5 
88.5 
102.3 
98.3 
2.6 .0001 
Small intestine 
TCA-soluble 
81.9 
90.9 
Phenylalanine, % 
88.6 
86.9 
96.7 
93.8 
2.6 .0001 
Small intestine 
TCA-soluble 
63.2 
85.0 
88.9 
84.2 
Threonine, % 
99.2 
92.7 
6.5 .0001 
Valine, % 
Small intestine 
TCA-soluble 
7 1 . 7  
84.8 
84.2 
81.6 
96.6 
92.2 
4.0 .0001 
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Table 11. Comparison of true ileal dispensable amino acid digestibilities by calculation 
methods 
Feedstuff 
P < ,  T i s s u e  
Tissue Cora Wheat Soybean meal CV x treatment 
Alanine, % 
Small intestine 78.0 81.0 97.1 3.3 . .0001 
TCA-soluble 86.4 78.0 92.3 
Aspartic acid, % 
Small intestine 72.2 84.3 94.9 4.2 .0001 
TCA-soluble 87.4 80.8 92.0 
Glutamic acid, % 
Small intestine 83.4 89.6 96.7 1.8 .0001 
TCA-soluble 89.9 88.8 94.6 
Glycine, % 
Small intestine 59.5 81.2 95.6 7.1 .0001 
TCA-soluble 82.4 77.7 88.4 
Serine, % 
Small intestine 73.2 86.4 96.8 3.4 .0001 
TCA-soluble 84.4 84.2 92.9 
Tyrosine, % 
Small intestine 83.8 92.1 100.7 3.4 .0001 
TCA-soluble 95.2 89.3 96.3 
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increase in the estimated endogenous N loss would increase the percentage units of 
difference between true and apparent amino acid digestibilities of feedstuffs by pigs. 
According to Southern (1991) in his review, apparent digestibilities of indispensable 
amino acids in com, wheat and soybean meal averaged 79.3, 83.1 and 82%, respectively, 
whereas average true digestibilities of indispensable amino acids in these feedstuffs, as 
measured with the "protein-free diet method" (i.e. pigs are fed a N-free diet, digesta is 
collected and analyzed for protein and amino acid content), were 86.4, 89.8 and 87.8%. 
These are differences of 7.1, 6.7 and 5.8 percentage units for com, wheat and soybean 
meal. Generally, digestibility values measured in the experiment reported herein were 
higher than those measured using a protein-free diet. 
De Lange et al. (1991) suggested that true amino acid digestibility measured by 
the "protein-free diet method" underestimates digestibility. Using the '^N-isotbpe 
method, they calculated true digestibility coefficients of indispensable amino acid 
digestibility values of 101.7 and 96.7 % for wheat and soybean meal, whereas apparent 
indispesable amino acid digestibility values were 81.0 and 85.0%. These are differences 
of 20.7 and 11.7 percentage units. However, Lien et al. (1993) suggested that the 
method overestimated endogenous protein losses and proposed alternative "N leucine and 
isoleucine techniques. Generally, true digestibilities of wheat and SBM measured 
herein were slightly lower than those measured with the '^N-dilution technique as 
reported by de Lange et al. 1991. 
If the "C abundance of the lysine diet is assumed to be the same as the ''C 
abundance of the Phe in the corn diet, true digestibility of crystalline Lys can be 
calculated. True digestibility of the Lys calculated from the "C abundance in small 
intestine tissue was 95.6%, and true digestibility calculated using the TCA-soluble 
fraction of the plasma was 99.4%. In theory, true digestibilities of crystalline amino 
acids are 100% and the true digestibility values calculated herein are close to 100%. 
To accurately evaluate the value of feedstuffs in swine diets, their amino acid 
availabilities pigs must be known. Technically, this is a very difficult problem. At 
present, researchers do not agree on the proper method to determine amino acid 
availabilities. Clearly, more research in this area needs to be done. 
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IMPLICATIONS 
The "C method can be used to estimate true digestibilities of amino acids by pigs. 
Future research should focus on directly comparing this method with other published 
methods. 
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GENERAL SUMMARY 
This dissertation provides experimental data for estimating true amino acid 
digestibilities by pigs. Pigs were fed diets with feedstuffs from Q or C3 plants during a 
growing period. C3 plants have a higher abundance than C4 plants, and pig tissues 
were labeled accordingly. Pigs were then implanted with T-cannulae at the terminal 
ileum. After a recovery period, pigs were fed the other diet type and digesta was 
collected. Ileal protein was partitioned into endogenous and undigested fractions 
according to '^C abundance. True amino acid digestibilities were estimated for a corn-
corn gluten meal-crystalline amino acid diet, a wheat-soybean meal diet, and wheat, com, 
soybean meal and crystalline lysine using Phe '^C abundance of the small intestine as a 
label of endogenous amino acid losses. True and apparent amino acid digestibility values 
(%) for the corn-corn gluten meal diets were, respectively: Lys 85.8, 81.5; Thr 76.2, 
66.7; He 91.3, 88.2; Phe 89.9, 86.5. True and apparent amino digestibility values (%) 
for the wheat-soybean meal diet were, respectively; Lys 82.6, 73.7; Thr 83.1, 70.6; He 
87.9, 81.6; Phe 88.3, 82.4. True and apparent amino acid digestibility values (%) for 
com were, respectively; Lys 62.4, 46.6; Thr 63.2, 40.2; lie 70.4, 56.1; Phe 81.9, 72.4. 
True and apparent amino acid digestibility values (%) for wheat were, respectively; Lys 
79.2, 61.1; Thr 88.9, 59.1; He 86.1, 70.7; Phe 88.6, 77.4. True and apparent amino 
digestibility values (%) for soybean meal diet were, respectively; Lys 95.6, 88.4; Thr 
98.7, 81.5; He 95.4, 86.5; Phe 96.5, 88.8. Crystalline lysine had true and apparent 
digestibility values of 95.8% and 92.9%. 
The '^C method can be used to estimate true digestibilities of amino acids by pigs. 
Future research should focus on directly comparing this method with other published 
methods. 
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APPENDIX A 
ISOLATION OF PHENYLALANINE FROM FEEDS, DIGESTA AND TISSUES 
1. To isolate phenyalanine fraction, 1 g of feed or digesta, .5 g of tissue, or 2 g of 
wet M. longissimus muscle were hydrolyzed under N-, for 20 h in 15 ml of 6 N 
HCl. 
2. Hydrolyzate was filtered through glass fiber to eliminate the particulate matter. 
3. Amino acids were isolated from the hydrolyzate using cation exchange 
chromatography according to Nissen et al. (1982). 
4. The fraction containing amino acids was dried under a stream of N, at 60 °C. 
5. Dried amino acids were dissolved in 340 ul of . 1 M phosphate buffer (pH 7) and 
transferred to a microcentrifuge tube. 
6. Insoluble particulate matter was pelleted by microcentrifugation for 2 minutes. 
7. Amino acids were resolved on Dynamax C-18 reversed phase prep column (21.4 
mm X 250 mm, Rainin Instruments, Emeryville, CA) using .02 M phosphate 
buffer (pH 7) with an isocratic flow rate of 14 ml/min. 
8. Phenylalanine was retained at 18 min. 
9. Peaks were detected using a variable wavelength detector (Perkin-Elmer) set at 
254 nm and quantitated by computer integration. 
10. Phenylalanine collected for mass spectrometer analysis was quantitated by 
comparing to phenylalanine standards assayed under similar conditions. 
11. The fraction containing phenylalanine was collected in scintillation vials and dried 
under a stream of No at 60 °C. 
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APPENDIX B 
ISOLATION OF LYSINE FROM FEEDS, DIGESTA AND TISSUES 
Solutions were prepared volumetrically with deionized and distilled water. All chemicals 
were analytical reagent grade. 
Solutions: 
Buffer A - Dissolve 5.96 g NaH2P04 in 900 ml water 
Adjust to pH 6.5 with 5 N NaOH 
Dilute to 1 L with water 
Buffer B - Dissolve 1.5 g H3BO3 and 14.42 g NaCl in 900 ml water 
Adjust to pH 9.8 with 5 N NaOH 
Dilute to 1 L with water 
Filter through .45 /xm filter and degas before using buffers 
Sample preparation 
1. Sample quantity 
2. Hydrolyze under Nt in 50 ml of 6 N HCl for 20 h at 105 °C. However, 
TCA soluble fraction was placed directly on columns. 
3. Filter hydrolyzate through glass fiber to eliminate particulate 
matter. 
a. Five ml of Dowex 50x8-200 resin (Sigma, St. Louis, MO) was 
placed into small filter columns (45 x 10 mm). 
c. Columns were washed with 6 x 1 ml of .01 N HCl. 
d. Hydrolyzates were added to columns. 
e. Columns were again washed with 6 x 1 ml of .01 N HCl. 
Dried muscle tissue 
Dried digesta 
Feed 
Soybean meal 
TCA soluble fraction 
Neutrophils 
1.5 g 
6.0 g 
4.0 g 
1.5 g 
From 75 ml of blood 
From 140 ml of blood 
4. Isolate amino acid fraction using cation exchange chromatography. 
119 
f. Amino acids were eluted into scintillation vials with 6 x 1 ml 
washes of 25% of NH4OH. 
5. Dry NH4OH fraction under N? at 60 °C. 
6. Add 500 ^1 of Buffer A to the dried amino acid (NH4OH) fraction. 
7. Vortex, filter through with .22 /^m Micropore filter and transfer to sample 
vials. 
HPLC method 
1. Column - Rezex carbohydrate, 300 x 7.8 mm (Phenomenex, Torrance, 
CA). 
2. Amino acids were resolved with a gradient elution of buffer A and B. 
3. Time program (Table Bl) 
4. Injection amount; 
Digesta and TCA soluble fractions - 75 /il. 
All others - 150 /nl. 
5. Fractions were collected into sterile 12 x 75 mm polystyrene 
round-bottom tubes (Becton Dickinson Labware, Lincoln Park, NJ). 
6. Lysine was retained on column for 53.2 min. 
7. Peaks were detected using a variable wavelength detector (Perkin-Elmer) set 
at 220 nm and recorded with a chart recorder. The amount of lysine 
collected was estimated by comparing to lysine standards assayed under 
similar conditions. 
8. Eluate collected from 51 to 57 min was retained for ail samples except 
digesta. Only eluate collected from 51 to 55 min was retained for digesta 
samples because of the presence of a tailing peak. The remaining eluate 
fractions were discarded. 
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Table Bl. Time program 
Time (min) Parameter'•-
.1 Total flow 1 ml/min 
5 Buffer B concentration - 0% 
10 Buffer B concentration - 95% 
17 Buffer B concentration - 95 % 
17 Buffer B concentration - 70% 
40 Buffer B concentration - 70% 
40 Buffer B concentration - 100% 
40 Total flow - 1 ml/min 
40 Total flow - .8 ml/min 
49 Event 
49.1 Event 2 
51 Event 
51.1 Event 2 
55 Event 
55.1 Event 2 
57 Event 
57.1 Event 2 
60 Total flow - .8 ml/min 
60 Total flow - 1 ml/min 
80 Buffer B concentration - 100% 
80 Buffer B concentration - 0% 
90 Total flow -• 1 ml/min 
90 Stop 
'Buffer A concentration (%) = 100 - (Buffer B concentration). 
^Event parameter signals digital input/output port to advance fraction collector. 
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Final sample preparation 
1. Retained fractions were pooled and transferred to sterile 
polystyrene 15 ml tubes (Corring, Corring, NY) and frozen at -20 °C. 
2. Samples were then freeze-dried. 
3. Because of the large concentration of NaCl in the sample, '^C 
analysis was not yet possible. 
4. NaCl was removed from lysine by using small cation exchange columns. 
a. Lysine-NaCl fractions were dissolved in 4 ml of .01 N HCl. 
b. Two ml of Dowex 50x8-200 resin (Sigma St. Louis, MO) was placed in 
small filter columns (45 X 10 mm). 
c. Columns were washed with 4 x 1 ml of .01 N HCl. 
d. Lysine-NaCl samples were added to columns. 
e. Columns were again washed with 4 x 1 ml of .01 N HCl. 
f. Lysine was eluted into dram vials with 5 x .5 washes of 25% NH4OH. 
5. Lysine fractions were dried under a stream of No at 60 °C. 
6. Amount of lysine isolated and tissue: 
Tissue 1 mg 
Soybean meal 1 mg 
Feed 500 ixg 
Digesta 250 ng 
TCA soluble fraction 500 ^g 
Neutrophils < 100 jug 
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APPENDIX C 
STATISTICAL ANALYSIS FROM PAPER 1 
Table CI. Analysis of variance of pig performance for eight weeks of the growing phase 
Mean squares 
Source DF 
Daily gain 
(kg/day) 
Daily feed 
(kg/day) 
Gain/feed 
Treatment 1 .4092** 2.9424** .0003 
Pen(treatment) 4 .0148 .0363 .0037 
Week 7(1)" .1832* 1.4503*** .0283 
Linear 1 .0016 .0152 .0026 
Quadratic 1 .0044 .0077 .0027 
Cubic 1 .0083 .0061 .0014 
LOF 4 .3170** 2.5308*** .0479* 
Treatment x period 7(1) .0205 .0305 .0238 
Remainder 28(4) .0130 .0080 .0057 
Total 47 
^Parentheses indicate conservative degrees of freedom. 
*P<.05. 
**P<.01. 
***?<.001. 
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Table C2. Anzdysis of variance of delta '^C %o concentration of protein in pigs day 
during the growing phase 
Mean squares 
M. Empty Liver Small 
Source DF longiss. body intestine 
Treatment 1 278.64*** 216.88*** 366.57*** 269.34*** 
Pen(treatment) 4 1.51 .18 7.82 .05 
Period 2 .86 .56** 6.96 6.29*** 
Linear 1 .97 1.11** 12.59 .10 
LOF 1 .75 .02 1.32 12.48*** 
Treatment x period 2 72.58*** 59.50*** 78.41** 69.92*** 
Remainder 8 2.36 .07 8.06 .08 
Total 17 
*P<.05. 
**P<.01. 
001. 
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Table C3. Analysis of variance of apparent ileal digestibilities of amino acids by 
pigs on day one and two and day nine 
Mean squares 
Phe Lys Thr 
Source DF (%) (%) (%) 
Treatment 1 84.135** 262.032** 93.532* 
Pen(treatment) 8 5.464 14.785 14.642 
Period 1 3.295 22.135 1.133 
Treatment x period 1 .332 .093 2.167 
Remainder 7 4.449 6.608 12.944 
Total 18 
*P<.05. 
**P<.01. 
***P<.001. 
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Table C4. Analysis of variance of apparent ileal digestibilities of amino acids on day one 
and two 
Mean squares 
Phe Lys Thr 
Source DF (%) (%) (%) 
Treatment 1 166.262* 611.953** 151.270* 
Pen(treatment) 8 27.536 57.579 25.458 
Period 3(1)" 5.558 7.107 70.306 
Treatment x period 3(1) 2.223 3.485 44.051 
Remainder 24(8) 6.708 17.242 27.737 
Total 39 
^Parentheses indicate conservative degrees of freedom. 
*P<.05. 
**P<.01. 
*»*P<,001. 
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Table C5. Analysis of variance of apparent fecal digestibilities of amino acids on day 
seven and eight 
Mean squares 
Phe Lys Thr 
Source DF (%) (%) (%) 
Treatment 1 6.329 338.508** 45.315 
Pen(treatment) 8 5.318 16.248 27.464 
Total 9 
*P<.05. 
»*P<.01. 
»**P<.001. 
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Table C6. Analysis of variance of endogenous nitrogen precursor pool sources 
Mean squares 
Source DF 
Nitrogen 
(g/day) 
Nitrogen 
(g/kg DMI) 
Treatment 1 146.091** 22.248** 
Pen(treatment) 8 9.102 1.570 
Period 3 3.968 .711 
Treatment x period 3 1.386 .248 
Pen X period(treatment) 24 2.512 .441 
Source 
'^C Phe vs '^C protein fraction 
'^C PF liver vs '^C PF small intestine 
2 
1 
1 
40.445*** 
78.823*** 
2.067 
7.319*** 
14.257*** 
.380 
Treatment x source 2 4.800* .716 
Period X source 6 .302 .055 
Period X treatment x measure 6 1.220 .220 
Remainder 62 1.571 .290 
Total 117 
*P<.05. 
**P<.01. 
***?<.001. 
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Table Cl. Analysis of variance of protein and phenylalanine digestibilities by pigs during 
day one and two using small intestine and liver as a label of endogenous 
amino acid excretion 
Mean squares 
Apparent True True 
Source DF protein (%) protein protein 
S.I. (%) Liver (%) 
Treatment 1 64.516 16.577 1.082 
Pen(treatment) 8 34.090 31.157 27.873 
Period 3(1)" 11.150 5.391 4.747 
Treatment x period 3(1) 4.597 13.817 5.383 
Remainder 24(8) 7.210 4.586 4.557 
Total 39 
^Parentheses indicate conservative degrees of freedom. 
*P<.05. 
**P<.01. 
*'^*P<.001. 
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Table C8, Analysis of variance of true ileal amino acid digestibility sources for 
endogenous protein precursor pool 
Mean squares 
Source DF 
Phe 
(%) 
Lys 
(%) 
Treatment 1 147.745 541.457 
Pen(treatment) 8 85.942 120.747 
Period 3 .972 4.163 
Treatment x period 3 10.565 3.006 
Pen X period(treatment) 24 13.105 37.805 
Source 
'^C Phe vs '^C protein fraction 
'^C PF liver vs '^C PF small intestine 
2 
1 
1 
22.239*** 
40.614*** 
3.863 
44.008*** 
81.773*** 
6.244 
Treatment x source 2 2.490 6.500 
Period x source 6 .838 1.603 
Period X treatment x measure 6 .421 .771 
Remainder 62 1.273 2.189 
Total 117 
*P<.05. 
**P<.01. 
***P<.001. 
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Table C9. Analysis of variance of true digestibilities of amino acids on day one using the 
phenylalanine fraction of the small intestine as a label of endogenous amino 
acid excretion 
Mean squares 
Phe Lys Thr 
Source DF (%) (%) (%) 
Treatment 1 25.332 100.230 441.270 
Pen(treatment) 8 43.935 59.026 69.216 
Period 3(1)" .703 3.030 14.675 
Treatment x period 3(1) 2.892 1.661 20.759 
Remainder 24(8) 5.314 14.953 25.386 
Total 39 
^Parentheses indicate conservative degrees of freedom. 
*P<.05. 
*»P<.01. 
*»*P<.001. 
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Table CIO. Analysis of variance of true digestibilities of amino acids on day one using 
the protein fraction of the small intestine as a label of endogenous amino acid 
excretion 
Mean squares 
Phe Lys Thr 
Source DF (%) (%) (%) 
Treatment 1 79.439 265.380* 212.383 
Pen(treatment) 8 25.471 39.382 58.569 
Period 3(1)" .629 1.746 24.385 
Treatment x period 3(1) 6.050 2.319 42.292 
Remainder 24(8) 4.638 12.716 20.456 
Total 39 
"Parentheses indicate conservative degrees of freedom. 
*P<.05. 
**P<.01. 
***P<.001. 
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APPENDIX D 
STATISTICAL ANALYSIS FROM PAPER 2 
Table Dl. Analysis of variance of pig performance over 8 weeks of the growing phase 
Mean Squares 
Source DF 
Daily gain 
(kg/day) 
Daily feed 
(kg/day) 
Gain/feed 
Treatment 1 .0032 .0560 .0006 
Pen(Treatment) 10 .0616 .1604 .0151 
Week 7(l)a .1127 1.753 .2151 
Treatment x Period 7(1) .0376 .0537 .0238 
Remainder 70(10) .0419 .0211 .0057 
Total 95 
^Parentheses indicate conservative degrees of freedom. 
*P<.05. 
**P<.01. 
***P<.001. 
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Table D2. Analysis of variance of delta '^C %o concentration in lysine of pigs during the 
growing phase 
Mean Squares 
Source DF 
Empty 
Body 
Liver Small 
Intestine 
Treatment 1 39.26** 146.08*** 105.66*** 
Group 1 3.13 .03 11.65 
Treatment x group 1 .76 1.13 1.54 
Pen(treatment) 8 2.88 0.39 2.30 
Period 4 5.36 4.37 7.09 
Linear 1 14.69* 11.10 0.01 
Quadratic 1 6.22 5.03 .93 
Cubic 1 .11 .26 16.07 
LOF 1 .42 1.75 11.35 
Treatment x period 4 8.69* 4.71 13.84* 
Remainder 10 2.56 4.96 4.72 
Total 29 
*P<.05. 
**P<.01. 
001. 
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Table D3. Analysis of variance of endogenous nitrogen precursor pool tissues 
Mean squares 
Source DF 
Nitrogen 
(g/day) 
Nitrogen 
(g/kg DMI) 
Treatment 2 1.68 .088 
Pen(treatment) 15 31.99 8.056 
Period 1 .04 .006 
Treatment x period 2 11.42 3.076 
Pen X period(treatment) 15 7.72 2.003 
Tissue 1 .83 .231 
Treatment x tissue 2 32.27»** 8.594*** 
Period x tissue 1 3.51 .954 
Period x treatment x tissue 2 .35 .101 
Remainder 62 1.80 .501 
Total 117 
*P<.05. 
**P<.01. 
***P<.001. 
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Table D4. Analysis of variance of true ileal digestibilities of amino acids by pigs using 
the phenylalanine fraction of the small intestine as the label of amino acid 
excretion 
Mean squares 
Phe Lys Thr 
Source DF (%) (%) (%) 
Treatment 2 661.85*** 3389.34*** 4111.09** 
Pen(treatment) 15 101.28** 249.39** 562.60** 
Period 1 6.98 26.36 1.84 
Treatment x period 2 43.90 200.02 475.06 
Remainder 16 30.70 81.71 175.80 
Total 36 
*P<.05. 
**P<.01. 
***P<.001. 
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Table D5. Analysis of variance of true ileal digestibilities of amino acids by pigs using 
the phenylalanine fraction of the TCA-soluble fraction of the plasma as the 
label of amino acid excretion 
Mean squares 
Phe Lys Thr 
Source DF (%) (%) (%) 
Treatment 2 234.34** 1129.72*** 565.55 
Pen(treatment) 14 77.07 153.21 451.45 
Period 1 6.93 113.72 122.87 
Treatment x period 2 61.79 222.12 442.87 
Remainder 11 34.69 101.91 200.35 
Total 30 
*P<.05. 
**P<.01. 
**»P<.001. 
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Table D6. Analysis of variance of true ileal amino acid digestibility sources for 
endogenous protein precursor pool 
Mean squares 
Phe Lys 
Source DF (%) (%) 
Treatment 2 500.55 53392.9** 
Pen(treatment) 15 166.45 375.9 
Period 1 2.43 197.8 
Treatment x period 2 109.26 474.8 
Pen X period(treatment) 15 55.14 158.6 
Tissue 1 31.18* 150.4*** 
Treatment x tissue 2 214.43»** 521.1*** 
Period X tissue 1 29.64* 59.8* 
Period X treatment x tissue 2 3.71 12.5 
Remainder 26 5.33 12.0 
Total 67 
*P<.05. 
**P<.01. 
***P<.001. 
